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Taste and odor problems have long been associated with the suitability issue of 
drinking water. The reported compounds that are responsible for most of the taste 
and odor events in drinking water reservoirs are 2-methylisoborneol (2-MIB) and 
geosmin, which are resistant to conventional treatment methods. Ozone/UV is one 
of the efficient advanced oxidation processes. Low pressure mercury vapor lamps 
which emit both at 185 nm and 254 nm are widely used for ultraviolet radiation, 
providing potential source of VUV radiation. In this study a device with 
combined ozonation and UV irradiation was set up. A set of tests was carried out 
to examine its feasibility. The efficiency of ozone output by the combined system, 
and the influencing parameters such as feed gas types and gas flow rates were 
evaluated. The degradation efficiency of taste and odor compounds, 2-MIB and 
geosmin, by this semi-batch system were studied and optimal operational 
conditions were determined. Results showed that the combined process could 
degrade 2-MIB and geosmin with reduction rate constants of 2.7 min-1 and 3.0 
min-1 for 2-MIB and geosmin, respectively. During this process, a synergistic 
effect from the extra hydroxyl radicals generated by combined ozone and UV 
irradiation was also found. Additionally, Para-chlorobenzoic acid (pCBA) 
reduction experiments were conducted for the calculation of ctR value of this 
device. With the study of direct photolysis of pCBA, its quantum yield at 185 nm 
was also estimated first time. 
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Both natural and anthropogenic processes may bring various inorganic ions into 
natural water systems. The appearance of some of the ions could play a significant 
role in the treatment process of the target compounds. The degradation of taste 
and odor compounds: 2-MIB and geosmin was also investigated by applying the 





3HCO  and 
Br . The results show that nitrate 
alone and bicarbonate alone accelerated and decelerated the degradation, 
respectively, by producing more reactive radicals ( ONOO , OH ), or scavenging 
hydroxyl radicals. When the two ions were added together, combined effects of 
inner filter, reactive radical generation and hydroxyl radical scavenging were 
founded. Nitrite and bromate are the by-products during UV related and ozone 
related processes, respectively. At the meantime, ozone addition can reduce nitrite 
formation and UV photolysis is also one of the methods to minimize bromate.  
However, it is more complex for VUV related ozone/UV process as hydroxyl 
radicals which will generate bromate are also produced as a result of water 
homolysis under VUV photolysis. By combining UV and ozone, both nitrite and 
bromate generation were reduced whereas more complex mechanism was 
disclosed. Surprisingly, rather than ozone, hydroxyl radical was the primary factor 
for bromate formation in the VUV involved ozone/UV combined process. 
Moreover, it was found that presence of bromide could also help reduce nitrite 
formation through the interaction between one of the intermediates HOBr/OBr  
and nitrite.  
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Chapter 1. Introduction 
1.1 Background 
Access to safe drinking water is essential to health, a basic human right and a 
priority task for the drinking water industry and supplies. Usually providing the 
raw water feed to water treatment plant, surface waters are important resources 
for drinking water supplies, especially in densely populated areas. However, taste 
and odor compounds present one of the challenges to the drinking water industry 
as they are of natural origin and are closely related to the growth and metabolism 
of algae and bacteria in surface waters (Peter and Von Gunten 2007). The global 
concern about the occurrence of taste and odor problems in waters for drinking 
water supply and the necessity for the development of more efficient and 
innovative methods for their treatment is growing rapidly. It is not uncommon for 
water treatment utilities, especially those supplied by surface water like reservoirs, 
to be flooded with complaints from consumers about the taste and odor in their 
drinking water (Srinivasan and Sorial 2011). It happens even more frequently in 
warmer seasons. Despite the myriads of research reported, it is difficult and time-
intensive to assess the T&O problems at the time of consumer complaint. 
Taste and odor (T&O) problems have long been associated with the suitability 
issue of the drinking water. Being the first tangle to the consumers, it can also 
affect substantially the esthetic quality and consumer acceptability of drinking 
water (Kutschera et al. 2009). The reported compounds that are mainly 




2-methylisoborneol (2-MIB) and geosmin, usually in trace amount 
(Antonopoulou et al. 2014, Zoschke et al. 2012). As the primary compounds 
responsible for the T&O problems, it is necessary to find the efficient methods for 
their treatment. However, there are also some challenges. One of the problems 
associated with 2-MIB and geosmin is their extremely low odor threshold 
concentrations (OTCs).  The OTCs for 2-MIB and geosmin are reported to range 
from 4-10 and 9-42 ng L-1, respectively (Suffet et al. 1999, Watson et al. 2000). 
Previous studies have also shown that 2-MIB and geosmin are extremely resistant 
to conventional water treatment processes such as coagulation, sedimentation and 
filtration (Srinivasan and Sorial 2011). Therefore, new approaches towards the 
treatment of 2-MIB and geosmin are needed. Meantime, the aforementioned 
characteristics of 2-MIB and geosmin also make them good indicator compounds 
for testing a new treatment method.  
Only few treatment technologies have been successfully applied to remove these 
T&O compounds including biological treatment process, granular activated 
carbon (GAC), powered activated carbon (PAC) absorption and advanced 
oxidation processes. The advantages of AOPs include fast reaction rates and non-
selective oxidation which allows the treatment of multiple contaminants at the 
same time. The different pathways for ∙OH and other radical production also 
provide the possibility for a better compliance with the specific treatment 
requirements (Antonopoulou et al. 2014).  
Advanced oxidation processes (AOPs), a set of processes which involves of the in 




(∙OH), are widely used to accelerate the oxidation of a wide range of organic 
contaminants in polluted water and air (Bolton et al. 1996). Hydroxyl radicals are 
produced with the help of one or more primary oxidants (e.g. ozone, hydrogen 
peroxide, oxygen) and/or energy sources (e.g. ultraviolet light) or catalysts (e.g. 
titanium dioxide). Hydroxyl radicals are reactive electrophiles, which makes them 
react rapidly and unselectively with nearly all electron-rich organic compounds 
(Crittenden 2005). Thus, advanced oxidation processes have the potential  to 
mineralize most of the organic contaminants into carbon dioxide and water (Shu 
and Chang 2005). 
AOPs have been proved to be  particularly useful for cleaning biologically toxic 
or non-degradable materials such as aromatics, pesticides, petroleum constituents, 
and volatile organic compounds in wastewater (Brillas et al. 1998). The 
commercially available AOPs that can be considered for full-scale water 
treatment includes: 1) ozone and hydrogen peroxide (O3/H2O2), 2) UV light and 
ozone (UV/O3), 3) UV light and hydrogen peroxide (UV/H2O2), 4) UV light and 
titanium dioxide (UV/TiO2), and 5) combinations of the aforementioned 
technologies (Crittenden 2005). 
Generally, the most common processes are O3/UV, O3/H2O2 and H2O2/UV, 
among which the O3/UV process is reported to provide the maximum yield of 
OH per oxidant (Gottschalk et al. 2000). The combination is usually achieved 
with UV irradiation from low pressure mercury lamps (LPMLs) and ozone from 
extra ozone generators (Chin and Bérubé 2005, Hashem et al. 1997b, Ternes et al. 




visible light (~10%) and a small component at 185 nm (~7%) (Thomson et al. 
2004).  185nm light which is within the range of vacuum ultraviolet (VUV) 
irradiation can be strongly absorbed by molecular oxygen in the air, leading to the 
production of ozone. Using this capability of 185nm radiation, ozone generation 
and UV irradiation can be combined together by performing organics 
decomposition in one UV system using the same lamp without addition of any 
auxiliary ozone dosage (Bolton and Denkewicz 2008).  
The photochemical generation of ozone from oxygen and VUV has been 
discussed in the past years (Dohan and Masschelein 1987, Oppenländer 2007e, 
Zoschke et al. 2014). It was also observed that photochemical generation of ozone 
by UV irradiation was a balance between ozone formation and the photolytic 
decomposition of ozone. Photolysis of aqueous system with internal ozone 
generation from VUV for the degradation of micropollutants was mentioned in 
two literatures and the enhanced removal efficiency was reported (Hashem et al. 
1997b, Zoschke et al. 2012). Hashem et al. (1997a) applied an immersed Xe-
excimer (172 nm) lamp to degrade 4-chlorophenol. Ozone generation and 
degradation of target compounds were performed in two different reactors. 
Zoschke et al. (2012) started to combine these two processes in a single reactor 
system for 2-MIB and geosmin decomposition. The combination of UV 
irradiation and internal generated ozone could be a good alternative to other UV 
based AOPs since it provides a more economic treatment of micropollutants 
compared with the ones with extra ozone generators. In the meantime, the system 




potential application area could be small scale water treatment systems for 
household, the production of ultrapure water or analytical purposes as mentioned 
by Braun et al. (2004).   More research should be carried out to serve as a future 
reference or guidance in the application of the combined system.  
1.2 Problem statement 
The first stated problem is the lack of holistic examination of the proposed ozone 
and UV irradiation combined device with only one widely applied low pressure 
mercury UV lamp. Even though there were patents discussing about the 
integration and studies investigating its application on micropollutants elimination, 
the literature contains only empirical studies with case-specific results (Amir 
Salama 2001, Beitzel 1981, Josepb Czulak 1967, Korin 1997, Zoschke et al. 
2012). To date, the amount of ozone produced under different conditions, the 
hydroxyl radical exposure rate ctR for this kind of ozone/UV combined system 
using only a traditional mercury UV lamp has not been reported yet. The only two 
reports about the amount of photochemical generated ozone were from decades 
ago (Briner 1959, Dohan and Masschelein 1987), which could probably be out of 
date with the new technologies of lamps production, such as the boosted lamp 
efficacy and reduced tube diameters (Gendre 2003, Zissis and Kitsinelis 2009), or 
the manufacture of high quality of quartz tubes (Heraeus). Moreover, the lack of 
quantitative date, ctR , for the whole system could make it difficult to do 
comparisons with other treatment methods and then produce firm 




application of this system is still in need. In the application of this combination, 
the possible reaction mechanisms involved would be UV irradiation (including 
VUV), ozonation, hydroxyl radical oxidation or even gas bubbling. Each of them 
could be one of the influencing parameters or primary factors in terms of target 
compounds decomposition. Available information regarding the specific role of 
each mechanism mentioned above during degradation is still limited. 
The second problem is related to the water matrix where target compounds are to 
be treated. Inorganic ions, such as bicarbonate, nitrate and bromide, are one of the 
primary influencing constituents within natural water matrix, which could make 
significant contribution to the efficiency and cost-effectiveness of the combined 
process. As mentioned above, the VUV involved ozone/UV combined device has 
three main factors: VUV involved UV irradiation, ozone and hydroxyl radical. 
Each of them could interact with one or more of the inorganic ions and make a 
difference to either the decomposition efficiencies or the by-product formation. 
This kind of study is also important for evaluating the feasibility of the device. 
Bicarbonate is reported to react as an effective hydroxyl radical scavenger 
(Ikehata et al. 2006, Peyton and Glaze 1988) and yield another less reactive 
oxidant, carbonate radical (

3CO ) (Canonica et al. 2005, Mazellier et al. 2007). 
Nitrate is known to be photoreactive (Brezonik and Fulkerson-Brekken 1998) 
with two opposite effects. One is decelerating effect caused by “inner filter”, 
where UV flux might be absorbed by the presence of nitrate (Mack and Bolton 
1999, Sörensen and Frimmel 1997). The other one is promoting effect due to the 




(Brezonik and Fulkerson-Brekken 1998, Mack and Bolton 1999). It could be 
more complicated with the coexistence of bicarbonate and nitrate in water matrix 
(Vione et al. 2009). In terms of by-product formation, nitrate photolysis could 
lead to the generation of nitrite (Mack and Bolton 1999). Bromide reacts with 
ozone and produces another by-product, bromate (Crittenden 2012). Interestingly, 
nitrite could be oxidized by ozone and ∙OH back to nitrate (Gonzalez and Braun 
1995), and UV and VUV were also an approach to eliminate bromate (Ratpukdi et 
al. 2011). Moreover, the intermediate during bromate formation, hypobromous 
acid/hypobromite ( HOBr/OBr ), could also help oxidize nitrite to nitrate in 
atmospheric water (Lahoutifard et al. 2002). However, besides in irradiation only 
system, few studies concern the influence of bicarbonate and nitrate alone or 
together on decomposition efficiency in ozone and UV combined system, not to 
mention VUV involved ozone/UV combined system. Furthermore, limited 
literature could be found studying  neither about the two by-products together in a 
VUV involved ozone/UV combined system, nor about their mutual impeding 
interaction. 
In brief, although there are some reports in literature about the VUV involved 
ozone/UV combined process, there is a lack of comprehensive study of this 
application and the influence of water matrix such as pH and inorganic ions 
during its application. Therefore, more research effort is required for the 
fundamental understanding of the aforementioned problems. This would be 
beneficial information for the future design and application of the VUV involved 




1.3 Objective and scope of this study 
In the view of above, the overall objective of this research is to holistically 
examine the feasibility of a VUV involved combined ozone/UV device on the 
degradation of taste and odor compounds: 2-MIB and geosmin. The specific 
objectives are listed as follows:  
 To evaluate the ozone generation and influencing parameters by an 
ozone/UV system set up using only one low pressure mercury lamp;  
 To investigate the micropollutants elimination efficiency by degrading 
taste and odor compounds: 2-MIB and geosmin;  
 To examine quantitatively the specific roles of ozone, UV and hydroxyl 
radicals in taste and odor decomposition; 




3HCO  and 
Br  
on the degradation of 2-MIB and geosmin in a VUV involved ozone/UV 
process: the effects on removal efficiency, formation of by-products and 
the individual roles of UV and ozone in terms of these two subjects. 














Figure 1.3.1 Scope of the study 
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Chapter 2. Literature Review 
2.1 Taste and odor problem in drinking water 
Taste, as a specific sensory process, is very rarely a problem in public water 
supplies (Lin 1977). Most 'tastes' are concerned almost entirely with odors (Baker 
1966, Committee 2002). Taste and odor (T&O) are perceived by the consumers as 
the primary indicator of the quality of drinking water. Problems due to taste and 
odor in drinking water are commonly happening in water treatment facilities 
around the world (Srinivasan and Sorial 2011). Being the first tangle to the public, 
it can also affect substantially the esthetic quality and consumer acceptability of 
drinking water (Kutschera et al. 2009).  Presence of taste and odor in drinking 
water may result in decreased consumer trust and water consumption.  
 History of taste and odor problem 
The first taste and odor problem is probably reported by Horsfod and Jackon in 
the city of Boston in 1854 (Persson 1995). There have been several other 
outbreaks of taste and odor in water supplies in the North Eastern parts of the 
United States later in the 1860s and 1870s. However, the early studies were 
hampered by some of the obstacles listed below (Tighe 1909):  
 The lack of scientific methods for the odors description and quantification; 
 The incipient methods for microbial isolation and taxonomy; 
 The lack of chemical methods to analyze organic compounds. 
 Literature Review 
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In fact, it almost takes more than 130 years to resolve the first reported cucumber 
like odor problem in chemical terms (Hayes and Burch 1989). The obstacles are 
overcome step by step. Blue-green algae is referred as sources of adverse odors 
firstly in 1876 by Nicholes et al. (Nichole. et al. 1876). Uniform descriptive 
terminology and quantitative method for odors is used in Whipple’s famous 
handbook of compilation of odorous algae (Whipple et al. 1927). Identification of 
the T&O compounds has been developed to use gas chromatography/mass 
spectrometry (GC/MS) after isolation of the compounds by liquid-liquid 
extraction, resin adsorption, steam distillation or a stripping method (Collins and 
Kalnins 1965, Henatsch and Juttner 1983, Jüttner 1981, Slater and Blok 1983). In 
1999, the “Taste and Odor Wheel” was also published, including eight classes of 
odors, four tastes and a mouth feel/nose feel category (Suffet et al. 1999). This 
wheel has been used to develop a common language for taste and odor panels and 
to present to the water industry about the identification of the “common” 
organoleptic characteristics found in drinking water (Haese et al. 2014).   
 Current situation for taste and odor problem 
Taste and odor has been bringing in problems worldwide. The situation is much 
better in European countries. Some episodes of unpleasant tastes and odor in 
water due to the eutrophication of surface water have been reported in the last few 
decades in Italy (Volterra and Fadda 1994). While in twenty first centuries, the 
maximum geosmin concentrations detected is only around 9 ng L-1 in both Italy 
and Denmark, even less for 2-MIB, which is only 2 ng L-1 (Klausen et al. 2005, 
Lanciotti et al. 2003).   On the other hand, the undesirable odors occur frequently 
 Literature Review 
12 
 
in many water supplies in United States, especially those  depending upon surface 
waters as the source of supply (Atasi et al. 1999, Lin 1977). For example, 
undesirable odors were reported to occur frequently in many water supplies in 
Illinois (Lin 1977). Similar situation are also faced by Asia Pacific countries. In a 
survey conducted of 37 drinking water providers in Australia, early 2005, 78% of 
the providers had experienced problems with earthy and musty odors (Peter 
Hobson et al. 2010). 80% of source water samples were also found to exhibit odor 
problem in a comprehensive investigation of odor problems conducted in major 
cities across China, with 41% earthy/musty and 36% swampy/septic odors (Sun et 
al. 2014). Therefore, there is a pressing necessity to find suitable methods for taste 
and odor treatment and control globally.  
 T&O problem caused by 2-MIB & geosmin 
Taste and odor episodes vary in intensity, persistency and frequency of 
occurrence (Lin 1977). There are large numbers of compounds identified to cause 
taste and odor problems in drinking water, some of them are listed in Table 2.1.1. 
Common taste and odors in drinking water include earthy, musty, chlorinous, sour, 
metallic, fishy, medicinal and chemical odors (Bruce et al. 2002). Chlorinous and 
earthy odors, along with sour taste, are the most prevalently reported complaints 
to utilities (Suffet 1996). The most important T&O compounds reported in 
literature are chlorine and the earthy-musty compounds geosmin, 2-
methylisoborneol (MIB) and 2,4,6-trichloroanisole (Bruchet 1999, Suffet 1996). 
Since their first identification in the early 1960s, 2-MIB ( OHC 2011 ) and geosmin 
( OHC 2212 ) are the two compounds commonly associated with earthy and musty 
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odors. Both 2-MIB and geosmin are tertiary alcohols, each of which exists as (-) 
and (+) enantiomers (Jüttner and Watson 2007). The detailed characteristics and 
the positions in the taste and odor wheel of these two compounds are shown in 
Table 2.1.2 and Figure 2.1.1, respectively. 
Table 2.1.1 Survey of major odor compounds identified from algal cultures 
or field samples. 
a-Campholene Isopropyl thiol  Methyl n-valerate 
γ-Cadinene  Isopropyl trisulfide  Octan-3-ol 
Camphor  Isopropyl methyl disulfide  n-Heptanal 
Chlorophene  
Methyl 2-methyl 
propanethiolate  Octa-1,5-dien-3-ol 
Cieneol  Methyl 3-disulfide  Oct-1-ene 
Trimethyl  Methyl mercaptan  n-Heptanal 
Cyclohex-1-ene Methylbutane  Octene 
β-Cyclocitral Methylethane thiolate  Octane 
Hydroxy-β-cylocitral  2,4-Heptadienal  Oct-1-en-3-one 
Cyclohexanone  2,4-Decadienal  Ectocarpene 
Dihydrotrimethylnapthale
ne  2,4 –Nonadienal Dictyopterene A’ 
Dihydroactinidiolide 2,6 –Nonadienal Dictyopterene C’ 
α-Ionone  2-Octene  n-Nonadecane 
β-Ionone  Oct-1-en-3-ol  n-Heptadecane 
Geosmin  1,3,5-Octatriene  Heptadec-5-ene 
Geranyl acetone  2,4 –Octadienal  2-Pentenal 
Geraniol  2-Furfural  Octan-1-ol 
Germacrene-D  Propenal  Oct-2-en-1-ol 
Limonene  Hexan-1-ol  Isobutyrate 
Linalool  n-Hexanal  Methyl acetate 
Menthone  3-Hexen-1-ol  Methyl butanoate 
Methyl gerianate  Pent-1-en-3-one  2-Methyl propan-1-ol 
Myrcene  1-Pentanol  3-Methyl butanal 
2-Methylisoborneol  n-Heptane  
2-Methyl but-2-en-1-
ol 
6-Methyl-5-hepten-2-one  2,4,7-Decatrienal  2-Pentylfuran 
6-Methyl-5-hepten-2-ol  Undecan-2-one  2-Methylpent-2-enal 
3-Methylbut-2en-1-ol  Heptan-1-ol  3-Methyl -1-butanol 
4-Methylpent-3-en-2-one  Pent-1-en-3-ol  3-Methylbut-2-enal 
Nerol  Octene  3-Methylbutan-2-one 
Phytol  Actetaldehyde  Butanone 
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Squalene  Heptadec-5-ene  Isobutyl alcohol 
Skatol  Heptan-2-ol  Ethyl propionate 
Styrene  n-Hexanol  Isobutyl acetate 
Trimethylcyclohex-2-en-
1-one  Octan-3-ol  Isopropyl alcohol 
γ-Terpinene  Octan-3-one  
Methyl 2-methyl 
formate 
Isopropyl disulfide  Octadecene Methylbutanoate 
Dimethyl sulfide n-Octadecane  
2,4,6-
Trichloroanisole 
Dimethyl trisulfide  n-Hexanol 2-Octenal 
Dimethyl tetrasulfide 1,3-Octadiene 
 (Watson 1999, 2003) 
Table 2.1.2 Characteristics of 2-MIB and Geosmin* 









Molecular Formula C11H20O C12H22O 
Average Mass (Da) 168.275894 182.302505 
Monoisotopic Mass (Da) 168.151413 182.167068 
LogP 2.27 3.17 
Polar Surface Area (Å2) 20.23 20.23 
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Flash Point (°C) 83.496 104.213 
Boiling Point (°C at 760 
mmHg) 
208.688 269.999 
Polarizability (10-24cm3) 20.007 21.795 
Index of Refraction 1.493 1.506 
Molar Refractivity (cm3) 50.469 54.978 




Vapour Pressure  
(mmHg at 25°C) 
0.0489999987185001 0.00100000004749745 
*Data quoted from ChemSpider.  




Figure 2.1.1 The taste and odor wheel of drinking water (Suffet et al. 1999) 
The main source of 2-MIB and geosmin in the drinking water are reported to be 
several groups of benthic and pelagic aquatic microorganisms found in source 
waters such as lakes, reservoirs and running waters. There are also several other 
biological sources that are often overlooked, notably those which originated from 
terrestrial ecosystems, industrial waste treatment facilities and even drinking 
water treatment   plants (Jüttner and Watson 2007). Production of 2-MIB and 
geosmin has been documented for several different groups of heterotrophic 
microorganisms as shown in Table 2.1.3.  
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The major producer are reported to be cyanobacteria (blue-green algae) and 
actinomycetes (Watson 2004). Sugiura, and Nakano (2000) and Peter and Von 
Gunten (2007) concluded that elevated 2-MIB levels in Lake Kasumigaura (Japan) 
were generated by actinomycete activity in aerobic sediment layers. Jensen et al. 
(1994) traced the annual spring outbreaks of earthy-musty odor in tap water 
derived from a major Canadian river to actinomycetes, which were introduced 
into these surface waters during snowmelt and runoff. Klausen et al. (2005) also 
concluded that actinomycetes were responsible for low concentrations of geosmin 
and 2-MIB in streams flowing past trout breeding aquaculture operations. At the 
same time, cyanobacteria were also known as producers of 2-MIB and geosmin. 
Tabachek and Yurkowski (1976) indicated that cyanobacteria were recognized as 
a more frequent source of geosmin and 2-MIB in water than actinomycetes. 
However, given the importance and prevalence of 2-MIB and geosmin related 
odor, remarkably few of the more than ∼200,000 known species of cyanobacteria 
have been actually isolated and confirmed as the sources, which may explain why 
many T&O events have remained untraced (Watson 2004). 
Table 2.1.3 Heterotrophic microorganisms that produce 2-MIB and geosmin 
(Jüttner and Watson 2007) 
Compounds Taxon 
2-MIB, geosmin Penicillium and Aspergillus 
species 
geosmin P. expanum 
geosmin Streptomyces albidoflavus 
geosmin S. avermitilis 
geosmin S. citreus 
geosmin S. griseus 
2-MIB, geosmin S. griseofuscus 
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geosmin S. halstedii 
geosmin S. psammoticus 
geosmin S. tendae 
2-MIB, geosmin S violaceusnigeosminr 
2-MIB, geosmin Streptomyces spp. 
geosmin Symphyogyna brongniartii 
(liverwort) 
geosmin Vannella sp. (heterotrophic
 amoeba) 
 
The cyanobacteria synthesize 2-MIB and geosmin during their growth and release 
or store these compounds depending on the growth phase and also based on 
environmental factors. Most of the 2-MIB and geosmin are released during the 
death and biodegradation of these cells (Figure 2.1.2) (Srinivasan and Sorial 
2011). Cell damage through senescence, death, or treatment can also increase the 
2-MIB and geosmin levels in the source water via the release of cell metabolites 
(Peterson et al. 1995). The outbreaks of taste and odor are more prominent during 
eutrophic conditions, when there is an overabundance of nutrients and warmer 
temperatures, usually in summer and fall. The microorganism blooms in the 
surface water would result in significant 2-MIB and geosmin production.  
 
Figure 2.1.2 The pathway of 2-MIB and geosmin formation 
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Taste and odor compounds are difficult to control firstly because they are from 
natural origin and related to the metabolism of the microorganism in the surface 
water. Another problem with 2-MIB and geosmin is associated with their 
extremely low odor threshold concentrations (OTC).  The OTCs for 2-MIB and 
geosmin are reported to range from 4-10 and 9-42 ng L-1, separately (Suffet et al. 
1999, Watson et al. 2000). Studies have detected concentrations that exceeding 
OTCs for 2-MIB and geosmin in various source of drinking water, sometimes 
many times of their OTCs (Watson 2004). For example, the concentrations of 2-
MIB and geosmin in a monitored drinking water reservoir in Saxony, Germany, 
reached concentrations of 58 and 46 ng L-1 in 2007, respectively (Kutschera et al. 
2009). It could also reach 80 ng L-1for 2-MIB and 60 ng L-1 for geosmin in 
Singapore reservoirs (Guo et al. 2013).  2-MIB and geosmin are more problematic 
in eutrophic waters, like Eagle Lake in Canada, where the concentrations were 
found to be 120 ng L-1 for 2-MIB and 753 ng L-1 for geosmin (Watson et al. 2000). 
Studies have shown that taste and odor causing compounds are largely an 
aesthetic concern with no health effects (Dionigi et al. 1993). There are also 
studies detecting 2-MIB and geosmin in various species of fish but have 
concluded that they do not result in any toxicity to either the fish or humans 
through consumption of the fish (Robertson et al. 2006, Schulz et al. 2004). Until 
now, no correlation has been made between the taste and odor compounds, 2-MIB 
and geosmin, and that of cyanobacteria toxins that also may be present and which 
are toxic at very low concentrations (Zimmerman et al. 2002). As a result, there is 
no maximum contaminant level (MCL) or maximum contaminant level goal 
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(MCLG) for either 2-MIB or geosmin in the regulations, like WHO Drinking 
Water Standards, EU Drinking Water Standards, USEPA National 
Primary/Secondary Drinking Water Regulations (Wakayama 2004).  
However, for consumers, taste and odor issue can not only undermine their trust 
in the water quality but also result in their switching use to alternative supplies of 
drinking water, such as bottled water (McGuire 1995, Watson et al. 2000). 
Moreover, even though taste and odor compounds are not acutely toxic to humans 
or most of the other organisms at levels seen in source or finished waters (Watson 
2003), their long-term health effects together with their by-product effects are 
unknown (Watson 2004). Some of the countries have already taken special action. 
Since the first musty odor problem occurred in Japan in 1951, this problem spread 
in the country and about 40% of some 300 reservoirs were detected with taste and 
odor problems (Matsumoto and Tsuchiya 1988) with the highest concentrations of 
2-MIB and geosmin over 100 ng L-1 in Lake Biwa (Yagi et al. 1983). Japan 
therefore implemented a newly updated Drinking Water Quality Standard 
(DWQS) from April, 2004, in which the MCLs of 2-MIB and geosmin were both 
regulated to be 20 ng L-1. The standard became stricter after 2007 with the value 
re-set to 10 ng L-1. 
2.2 Technologies for 2-MIB and geosmin control 
Studies have shown that 2-MIB and geosmin are extremely resistant to removal 
by conventional water treatment processes such as coagulation, sedimentation and 
filtration (Srinivasan and Sorial 2011). Bruce et al. (2002) investigated 
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coagulation for the removal of 2-MIB and geosmin and found that no removal 
could be achieved with either pH or coagulant dosage optimization. It has been 
found that common oxidants such as Cl2, ClO2 and KMnO4 are not very effective 
for removal of these compounds (Glaze et al. 1990, Lalezary et al. 1986) due to 
the resistance of the tertiary alcohols towards oxidation (Rosenfeldt et al. 2005). 
In some cases, chlorine residuals have been reported to enhance or even mask the 
earthy and musty odors rather than removing them (Srinivasan and Sorial 2011). 
Ozone is the only single oxidant that shows an efficient removal of these two taste 
and odor compounds (Ferguson et al. 1990, Glaze et al. 1990, Jung et al. 2004). In 
general, 2-MIB was found to be oxidized slower than geosmin, exhibiting lower 
rate constants (Liang et al. 2007, Park et al. 2006). As reported, hydroxyl radicals 
dominated over the ozonation reaction during 2-MIB and geosmin oxidation in 
nanopure water and in the majority of the applied conditions in real waters (Peter 
and Von Gunten 2007, Qi et al. 2009). According to the studies dealing with the 
effects of various parameters on ozonation process, enhancement of both of the 
target compounds was obtained by increasing ozone dose, pH, temperature and 
addition of H2O2 (Ho et al. 2002, Westerhoff et al. 2006). However, high ozone 
dosage (> 2 mg L-1) have to be applied for an around 90% removal of 2-MIB and 
geosmin (Jung et al. 2004). These dosages are very likely to cause by-product 
problems of bromate (Ratpukdi et al. 2011), which explains the few practical 
application of ozone treatment. As a result, the levels of 2-MIB and geosmin in 
finished water has been reported to be significantly high (Watson 1999). On the 
other side, advanced filtration technology, such as membrane, could remove T&O 
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compounds largely depending on the pore size. For example, a study showed that 
nanofiltration and reverse-osmosis can retain T&O compounds to more than 70% 
(Bruchet and Lan 2005). However, the removal was not complete and it could 
incur major installation and maintenance expenditures and require careful 
selection and process design, and proper operating conditions, whose performance 
are highly dependent on the local source water characteristics (Watson 2004). 
There are three technologies used by water treatment plants in removing taste and 
odor causing compounds that will be discussed in detail in the following sections: 
biological treatment, GAC/PAC adsorption and advanced oxidation processes 
(AOPs) (Srinivasan and Sorial 2011). They all have their own advantages and 
challenges.  
 Biological treatment process  
Biological treatment processes are systems that use microorganisms to degrade 
organic contaminants (Tetra Tech and Fairfax 2013). Unlike in wastewater 
treatment process, biological methods have limited application in drinking water. 
They are mainly used with filtration (Srinivasan and Sorial 2011). Huck et al. 
(1995) probably performed one of the first examination for the microbial removal 
of geosmin in drinking water. They concluded that taste and odor compounds 
were not efficiently removed by the bench scale bioreactor. Afterwards, 2-MIB 
and geosmin are however reported to be biodegraded by gram-positive bacterial 
because their structure is similar to biodegradable alicyclic alcohols and ketones 
(Rittmann 1995). Several studies have indicated a variety of microorganisms 
responsible for the removal of 2-MIB and geosmin from water, including 
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Pseudomonas spp., Pseudomonas aeruginosa, Enterobacter spp., Badillus spp. et 
al. (Ho et al. 2007, Lauderdale et al. 2004, Tanaka et al. 1996). The most common 
biological removal method for these two compounds removal is biofiltration. 
Elhadi et al. (2006) found that the removal efficiency of 2-MIB and geosmin was 
affected by factors such as temperature, media type, and biodegradable organic 
matter (BOM) et al. Higher temperature and BOM concentrations were conducive 
to increase the removal rates. Ho et al. (2007) demonstrated that biological sand 
filtration was an effective process for the complete removal of 2-MIB and 
geosmin, with removal shown to be predominantly through biodegradation.  
However, it was also found that when the influent concentration was high, such as 
100 ng L-1, the resulting effluent concentrations would still be significantly higher 
than the OTCs (Elhadi et al. 2006), requiring further polishing process prior to 
distribution. Meanwhile, biologically activated GAC filters need a long term start-
up for biodegradation (Qi et al. 2009). 
 Activated carbon adsorption process 
Activated carbon was primarily used for taste and odor control since its 
introduction in 1930s. With the increasing concern about contamination from 
sources like industrial waters, agricultural chemicals, and municipal discharges, 
the interest in adsorption was promoted to the control of anthropogenic 
contaminants in mid-1970s (Crittenden et al. 2012c). Nowadays activated carbon 
is being widely used in drinking water treatment plants for the removal of 
dissolved pollutants. It is available in essentially two particle size ranges: 
powdered activated carbon (PAC: mean particle size 20 to 50 μm) and granular 
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activated carbon (GAC: mean particle size 0.5 to 3 mm). Various studies have 
proved that the addition of powdered activated carbon (PAC), and treatment by 
granular activated carbon (GAC) are successful to eliminate taste and odor for 
source waters, even to levels below threshold odor concentrations in some cases 
(Bruce et al. 2002, Cook et al. 2001, Crittenden et al. 2012a, Crozes et al. 1999, 
Drikas et al. 2009). Ridal et al. (2001) removed about 80% of 2-MIB and 60% of 
geosmin by using GAC and capped filters after 12 months operation and 
suggested that an economic bed life of GAC filters was less than two years. Bruce 
et al. (2002) described the effectiveness of PAC for the removal of 2-MIB and 
geosmin depended on the type of PAC, and bituminous coal-based PAC 
performed better than lighnite or wood-based PAC. In the application of PAC, 
optimizing the dosage was also reported to be an important factor, as overdoing 
could result in reduced filter performance and excessive sludge production (Cook 
et al. 2001). 
Another application of activated carbon adsorption on taste and odor compounds 
reduction is the combination of ozone and biological activated carbon (BAC).  
Ozonation can shift a higher molecular weight compound into smaller ones, 
which can be further removed in a subsequent biological activated carbon process 
(Odegaard et al. 1986). The O3/GAC process can lead to a biologically stable 
water (Camel and Bermond 1998). It was reported that the removal efficiencies 
after treatment by O3/BAC were 96.3% and 100% for 2-MIB and geosmin, 
respectively, (Yang et al. 2010). Joe et al. (2007) also indicated that when the 
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concentration of 2-MIB in the influent was high, it was still necessary to combine 
BAC process and ozone to reduce the concentration below 10 ng/L.  
However, the adsorption efficiency is limited due to the presence of natural 
organic matter (NOM). Smaller NOM particles complete by direct and strong 
adsorption for the available adsorption sites while larger NOM compounds can 
reduce equilibrium adsorption capacity (Newcombe et al. 2002a, Newcombe et al. 
2002b). In the meantime, additional treatment has also to be performed for the 
regeneration of the activated carbon (Chestnutt Jr et al. 2007). Using PAC, a 
mixing reactor has to be installed or absorbent can be added directly but  has to be 
removed later (Zoschke et al. 2012).  
 Advanced oxidation processes (AOPs) 
AOPs can be broadly defined as oxidation methods based on the intermediacy of 
highly reactive species such as hydroxyl radicals leading to the destruction of 
target compounds and consist of a wide group of technologies which have been 
successfully used in water and wastewater treatment. They involve direct 
ozonation, ozone and/or H2O2 in combination with UV, Fenton, photo-Fenton, 
photolysis, electrolysis, ultrasound and wet air oxidation, while less conventional 
but evolving processes including ionizing radiation, microwaves, pulsed plasma 
and the ferrate reagent (Antonopoulou et al. 2014, Comninellis et al. 2008). 
Hydroxyl radicals are extraordinarily reactive species that attack most of the 
organic molecules. The kinetics of reaction is generally first order with respect to 
the concentration of hydroxyl radicals and to the concentration of the species to 
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be oxidized. Rate constants are usually in the range of 108 – 1011 M-1s-1 (Glaze 
and Kang 1989).  
A number of studies have looked into the usage of AOPs for the removal of 2-
MIB and geosmin, such as, ozone, UV, H2O2, TiO2 and combination of the 
aforementioned processes. The majorities are ozonation and associated oxidation 
process (O3/H2O2, UV/O3, UV/O3/H2O2) studies in distilled water with spiked 
T&O or different real aquatic water matrix such as lake water, river water, and 
treated/untreated wastewater in laboratory or pilot scale (Andreadakis et al. 2010, 
Klausen and Gronborg 2010, Mizuno et al. 2011, Peter and Von Gunten 2007).  In 
general, geosmin is degraded faster than 2-MIB exhibiting higher rate constants 
(Liang et al. 2007, Park et al. 2006), which is in accordance with the reports that 
hydroxyl radicals are the dominating factor over the ozone associated oxidation 
reactions and that the second-order rate constants between hydroxyl radical and 
geosmin (7.80 × 109 M-1s-1) is greater than that of 2-MIB (5.09× 109 M-1s-1) (Peter 
and Von Gunten 2007). There are also several parameters examined which can 
influence the 2-MIB and geosmin oxidation, such as ozone dosage, pH, 
temperature, H2O2 addition, and water quality (Ho et al. 2002, Park et al. 2006).  
The degradation of 2-MIB and geosmin by combined ozone and UV radiation has 
not been studied as extensively as O3/H2O2 combination, but some were reported 
recently (Collivignarelli and Sorlini 2004, Klausen and Gronborg 2010, Zoschke 
et al. 2012).  It was found that the combination improves the efficiency as a result 
of the decomposition of ozone initiated by UV irradiation and the subsequent 
generation of ∙OH radicals (Collivignarelli and Sorlini 2004). Collivignarelli and 
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Sorlini, (2004) used raw river water from a water treatment plant in Italy, spiked 
with 2-MIB (0.2–0.4 μg L-1) and geosmin (0.5 μg L-1) and a metachlor (pesticide 
contaminant) (Collivignarelli and Sorlini 2004).  Both 2-MIB/geosmin were 
persistent to reaction with ozone with low removal rates (about 50%).  However, 
ozone followed by exposure to UV increased the removal rate close to 90%. 
Molecular ozone had limited reaction with these two compounds and UV 
radiation was required for decomposition of the ozone molecule for generation of 
hydroxyl radicals (∙OH) which subsequently reacted with 2-MIB/geosmin. 
Klausen and Gronborg (2010) found the degradation also followed first order 
kinetics. They also confirmed the significant impact of the water matrix taken 
place in real waters. In  a more recent study, Zoschke et al. (2012) applied UV-
based oxidation processes (UV/ H2O2, UV/O3, VUV and VUV/O3) by using low 
pressure mercury lamps emitting at 254 nm and 185 nm to treat 2-MIB and 
geosmin in pure and raw water. In comparison to UV/H2O2 process, VUV and 
UV/O3 were found to be more effective in pure water, even with high H2O2 
addition. 2-MIB was degraded more slowly than geosmin in VUV and UV/ H2O2 
process. On the contrary, no obvious difference between the degradation 
efficiency of 2-MIB and geosmin was observed in UV/O3 process (Zoschke et al. 
2012).   
2.3 Ozone/UV process 
The UV light and ozone process for oxidation of refractory and toxic inorganic 
and organic species was developed in the early 1970s. The first quantitative 
reaction rate data of UV and O3 combination  were presented in 1973 (Prengle 
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1983). Numerous studies found that ozone/UV process was more efficient for the 
destruction of synthetic organic compounds than ozone alone since then and 
especially suitable for water sanitation (Oppenländer 2007e, Ratpukdi et al. 2010).  
Ozone alone has a high oxidation potential already but it is selective and may not 
completely oxidize some species. AOPs that combine O3 with UV or H2O2 to 
enhance ∙OH production are often found to be more effective than O3 alone 
(Sarathy 2006). It was found that the destruction of tetrachloroethylene (TCE) in 
purified water by the combined process gave relatively high rate constants. 
During the past decades, the ozone/UV process has received attention in the 
drinking water treatment field (Ratpukdi et al. 2011).  
In the UV and ozone process, organic compounds can be oxidized through 
reactions by ozone, UV photolysis and hydroxyl radicals, which provides multiple 
barriers for contaminants and is a great advantage for UV/O3 process. Hydroxyl 
radicals play an important role in oxidizing organic compounds (Prengle 1983). 
Photolysis of dissolved liquid phase ozone by UV generates hydrogen peroxide 
(H2O2) as an intermediate, which reacts with ozone or is photolysed by UV to 
form ∙OH.  The three pathways to produce ∙OH are shown by Eq. 2.3.1 to Eq. 
2.3.5 (Andreozzi et al. 1999, Peyton and Glaze 1988, Ratpukdi et al. 2011, 
Zoschke et al. 2012):  
  OOOO hv 233 *  
Eq. 2.3.1 
 OHO 2 (gas phase)2 OH  Eq. 2.3.2 
 OHO 2 (liquid phase) 22OH                                                                                       Eq. 2.3.3
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 2322 322 OOHOOH   Eq. 2.3.4 
 OHOH hv  222  Eq. 2.3.5 
                                                                                                                                                     
Under these conditions, UV and ozone combination system has the chemical 
behavior of both O3/H2O2 and H2O2/UV. From the photochemical point of view, 
the absorption spectrum of ozone (3600 M-1cm-1 at 254 nm) provides a much 
higher absorption cross section than H2O2 (Figure 2.3.1) (Andreozzi et al. 1999).  
Compared to ozone and hydrogen peroxide combination, the advantages and 
disadvantages of UV and ozone combination are compared and listed in  
 
 
Table 2.3.1 (Crittenden 2005). 
 
 








UV light and Ozone 
Advantages Disadvantages 




 Residual oxidant 
will degrade 
rapidly ( typical 
 Must use O3 and 
UV light to 
produce H2O2, 
which is the 
primary means of 
producing ∙OH 
and using O3 to 
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half-life of O3 is 7 
minutes);  
 Ozone absorbs 
more UV light than 
an equivalent 
dosage of hydrogen 
peroxide (about 
200 times more at 
254nm 
wavelength). 
produce H2O2 is 
very inefficient as 
compared to just 
adding H2O2;  
 Special reactors 
designed for UV 
illumination are 
required; 
 Ozone in the off-
gas must be 
removed; volatile 
compounds will 
be stripped from 
the process. 
 




Figure 2.3.1 VUV and UV absorbance spectra of oxygen, ozone, water and 
hydrogen peroxide in gas phase (Oppenländer 2007f) 
 
Studies have demonstrated that the UV and ozone process is appreciably effective 
for the destruction of a wide range of different compounds, from natural organic 
to synthetic organic ones (Gong et al. 2008, Lamsal et al. 2011, Oh et al. 2006, 
Ratpukdi et al. 2010).  
Kusakabe et al. (1990) reported the decomposition of humic acid by the combined 
process and indicated that the humic acid containing water became clear after 20 
minutes. At the same time, the major final products obtained were no longer 
precursors of trihalomethanes which is a main by-product during chlorination. It 
was also found to be helpful in the removal of endocrine disrupters in a study by 
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Irmak et al. (2005). They examined the degradation of 17β-estradiol (E2) and 
found that compared to ozone alone, the ozone consumption was decreased by 
22.5% in the conversion of the same amount of E2 by coupling of UV with ozone 
together. Also the time to convert the same amount of E2 was significantly 
reduced. The treatment of water samples contaminated with gasoline compounds 
was investigated by Garoma et al. (2008) and Garoma and Gurol (2006). Garoma 
et al. (2008) used the ozone/UV process to treat real ground water samples. For 
the various gasoline constituents, such as benzene, toluene, methyl tert-butyl ether 
(MTBE),  more than 99% removal efficiency was achieved for the combined 
process while the removal efficiency for ozonation was as low as 27%. Garoma 
and Gurol (2006) also found the rate of removal of MTBE was increased when 
the incident UV light intensity was increased or with an increase of influent ozone 
gas.  
There were also considerable amount of research on the ozone and UV process 
targeting the problematic synthetic organic compounds. They include certain 
types of pesticides or herbicides, plastic and other industry related materials, etc. 
Kishimoto and Nakamura (2011) studied the decomposition of 1, 4-dioxane by 
ozone/UV treatment, which is used mainly as a stabilizer for the solvent 
trichloroethane. The results showed ozone/UV was the most rapid degradation 
process compared to the use of ozone and UV individually. Meanwhile, both the 
increase in the bubble size and the decrease in pH enhanced the ozone utilization 
efficiency, but deteriorated the ozone dissolution efficiency. Simazine is one of 
the s-triazine herbicides families. Lai et al. (1995) conducted a laboratory study to 
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investigate the removal efficiency of simazine by the combined process and to 
identify the byproducts. Simazine could be oxidized rapidly by ozone and UV 
process, disappearing within 5 minutes. The disappearance rates were increased 
with applied ozone dose, pH and UV intensity. 
Each of the studies mentioned above achieved a certain elimination degree to 
different target compounds with their specific conditions. Compared with ozone 
only, ozone/UV processes had much higher degradation efficiency. However, in 
all the experiments, an ozone generator was needed. For most of the studies, low 
pressure mercury lamps were used with powder ranged from 0.20 to 20 W per 
lamp, which can emit both UVC (254 nm) and vacuum UV (185 nm).  However, 
only UV irradiation at 254 nm was mentioned or treated as default. No VUV 
irradiation was discussed or differentiated by the researchers, even though it 
probably also contributed to the decomposition process. Furthermore, they either 
required a quite high UV dosage (for example, a 15W low pressure lamp for 75-
90 minutes), or high ozone dosage (for example, 40 ppm gas phase ozone for 60 
minutes), or even both of them. It would make it hard for them to be applied in 
practice due to the high cost. Moreover, there is little study involving the 
investigation of by-products formed in the combined process.  
There are also some drawbacks of UV/O3 reported (Sarathy 2006). A major one is 
the high capital and operational costs generated by the ozone production process. 
Additionally, the limitations of gas phase ozone mass transfer into the liquid 
phase can severely decrease  the  process efficiency and thus increase operating 
cost (Andreozzi et al. 1999). Another drawback concerns the waters containing 
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bromide, which will lead to the formation of a regulated carcinogenic by-product, 
bromate.  
 
 Vacuum UV 
Ultraviolet (UV) radiation ranges from 1 to 380 nm. It can be distinguished 
between UV-A (280-315 nm), UV-B (215-280 nm, UV-C (280-200 nm), vacuum-
UV (VUV) (200-100 nm) and extreme UV (100-1 nm) (Oppenländer 2007b). 
VUV itself is another UV-based AOP which was found to be a highly effective 
for the degradation of micropollutants (Huang et al. 2013, Imoberdorf and 
Mohseni 2011a, 2012, Schuchmann et al. 1978, Tarasov et al. 2003). Reactive 
radials, such as OH , H , OH 2 , 

2O  can be formed through the photolysis of 
water after irradiating it with VUV (Gonzalez et al. 2004).  The lamp types used 
in AOPs are summarized by Oppenlander (2007) in Figure 2.3.2. The most 
frequently mentioned VUV emitting lamps are excimer lamps and low-pressure 
mercury lamps. The primary products of water photolysis at   of 184.9 nm using 
low pressure mercury lamps have been well known for a long time (Getoff and 
Schenck 1968). However, the investigation of VUV oxidation of organic matter 
has gained new interest in recent years (Heit et al. 1998, Oppenländer and Gliese 
2000). This is related to the development of incoherent xenon (Xe) excimer lamps 
with their emission maximum at   of 172 nm (Oppenländer 2007e).  
Excimer lamps are relatively new in the market. They can emit a high power 
“quasi-monochromatic” radiation at various wavelengths such as 126, 146, 172, 
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222, 282 or 308 nm (Imoberdorf and Mohseni 2012, Oppenländer and Gliese 
2000). The wavelength of emission mainly depends on the gas or gas mixture 
applied (Oppenländer 2007d, g). In water treatment, 
2Xe -excimer lamps have 
been proposed and studied in areas such as oxidation and mineralization of 
organic water and air contaminants (Oppenländer 1998, 2007d). However, with 
the high water absorptivity at 172 nm (550 cm-1) (Weeks et al. 1963), photons are 
almost absorbed in a 10 micron layer close to the lamps. It can generate 
significant mass transfer resistance which lowers the efficacy of the process 
(Imoberdorf and Mohseni 2012). Heit and Braun (1997) has reported that mass 
transfer resistance was generated using 
2Xe -excimer lamp.  
On the other hand, low pressure mercury vapor lamps (LPMVL) produce most of 
their radiant emission at wavelength of 254 nm (~83%), some visible light (~10%) 
and a small component at 185 nm (~7%) (Bolton 2010). The absorptivity of water 
at 185 nm is reported to be only 1.80 cm-1 (Weeks et al. 1963). In this 
circumstance, 90% of initial irradiation are absorbed in a layer which is reported 
to be in the range of 0.3 to 0.5 cm close to the lamp (Han et al. 2004, Imoberdorf 
and Mohseni 2012). As a result, the mass transfer resistances are less significant 
and could potentially be minimized or eliminated by some approaches like 
increasing the turbulence in the reactor. Moreover, low-pressure mercury vapor 
lamps have lower cost and provide similar electrical efficiencies compared to 
excimer lamps (Imoberdorf and Mohseni 2011b). With the costs of UV and VUV 
lamps being comparable in low pressure mercury vapor lamps (Ratpukdi et al. 
2010), this make the  application of VUV more attractive. 
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There are around 30 reactions involved in the VUV irradiation of water as listed 
in Table 2.3.2 (Gonzalez et al. 2004, Imoberdorf and Mohseni 2012). Two of the 
primary and most reactions during this irradiation are the photochemical 
homolysis and the photochemical ionization of water. The quantum yields ( ) at 
185 nm for these reactions are 0.33 and 0.045, respectively (Zoschke et al. 2014). 
Following these two main reactions, manifolds of reduction and oxidation 
reactions implying molecular oxygen and oxygenated species are initiated. 
Table 2.3.2 Reactions in the VUV irradiation of water 
 HOHnmhvOH )200(2  
)33.0(   
  HOOHOOOH 2222  
  HeHOnmhvOH )200(2  
)045.0(   
  HOHOe  
22OHHOHO   
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Figure 2.3.2 Types of VUV/UV radiant sources related to AOP research and 
development (Oppenländer 2007g)  
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 Potential of combined UV and ozone for micropollutants degradation 
In the gas phase VUV emission at 185nm can be strongly absorbed by molecular 
oxygen in the air, leading to the photochemical generation of ozone (Dohan and 
Masschelein 1987, Oppenländer 2007c). The absorption of the VUV radiation 
causes the photolysis of oxygen molecule. Ozone is formed in the reaction of the 
produced oxygen atom with another oxygen molecule as shown in Eq. 2.3.6 and 
Eq. 2.3.7. 
 OO nmhv 2)185(2    Eq. 2.3.6 
 MOMOO  32  Eq. 2.3.7 
Due to the simultaneous emission at 254 nm form the LPMLs, photolysis of 





nmhv    Eq. 2.3.8 
Therefore, the photostationary ozone output using the low pressure mercury 
lamps would be a result from the balance of ozone formation at 185 nm vs ozone 
decomposition at 254 nm.  
Based on the study of Dohan and Masschelein (1987), the gas phase absorbance 
coefficient of oxygen at 185 nm is about 0.1 cm-1atm-1, which is much lower than 
the absorbance of ozone at 254 nm (135 cm-1atm-1).  As a result, Zoschke et al. 
(2014) concluded that it is unfavorable to use conventional low pressure mercury 
lamps for the generation of ozone. However, despite the low yield of ozone, there 
are still advantages of low pressure mercury lamps: the possibility to combine 
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photochemical generation of ozone and the irradiation of water in a 
reactor/device/system using a single lamp for both processes.  
Moreover, as irradiation of water is combined, VUV irradiation of water would 
also be involved in the whole process, which would bring more reactive radicals 
as mentioned in Section 2.3.1. VUV photolysis of water alone has been reported 
to be a highly efficient method for the generation of advanced oxidation 
conditions in which the formation rate of hydroxyl radicals is comparable to the 
other advanced oxidation processes (Legrini et al. 1993). Therefore, even the low 
ozone yield might be a drawback of this UV system with internal ozone 
generation; it is still a promising technology. This technology can be utilized in 
advanced oxidation processes, such as UV/O3 or UV/VUV/O3.  
In the studies of ozone and UV combined process application, synergistic effect in 
both degradation and disinfection was noticed in a few literatures.  Jung et al. 
(2008) reported that the combined ozone/UV process demonstrated great 
synergistic effects for inactivating B. subtilis spores, which attributes to the 
hydroxyl radicals from the combined process  (Jung et al. 2008).  Rodriguez-
Romo et al. also found that UV followed by ozone treatment resulted in 
synergistic inactivation of Salmonella by 4.6 log units or more in about 2 min of 
total treatment time (Rodriguez-Romo and Yousef 2005). The reports of 
degradation were not so much. It was showed that the synergistic effects of 
photolytic ozonation was notable with mineralization rate enlarging more than 
100%, oxidation index decreasing 50%, and microtoxicity being reduced by 30% 
for treatment of industrial wastewater containing chlorophenols (Kuo 1999).  Jing 
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et al. (2012) described that using UV photolysis combined with ozonation, COD 
removal was much higher than the sum of that with UV photolysis and ozonation 
alone, which indicated that UV photolysis could efficiently promote COD 
removal during ozonation (Jing and Cao 2012). In all of these studies, although 
they all proved the existence of synergistic effect, the degrees of the effect was 
not the same, neither the UV nor ozonation alone was stated. It can be assumed 
that the synergistic effect exists in the UV and ozone combined process. However, 
the degree of this effect may depend on the type of the target compounds or 
microorganisms.  
Hence, in the application of irradiation reactor with internal ozone generation, the 
reaction mechanisms involved would be VUV related UV irradiation, ozonation, 
and oxidation by hydroxyl radicals which could come from ozone decomposition, 
VUV homolysis of water and the possible synergistic effects together. Ozonation 
is only one influencing factor for the degradation or disinfection efficiency. It is 
still highly possible that the combined UV/O3 system using only one single UV 
lamp could be a promising application in water treatment process.  The 
application of photochemical generation of ozone from oxygen and VUV in water 
treatment has been discussed in the past years (Dohan and Masschelein 1987, 
Oppenländer 2007e, Zoschke et al. 2014). In 1959, Briner examined the 
generation of ozone with a lamp power of 7 W and an oxygen gas yield of 0.3 to 
0.4 g/KWh ozone (Briner 1959). Later in 1987, Dohan and Masschelein achieved 
ozone yields of 16-27 g/KWh and 7 g/KWh by pure oxygen and dry air, 
respectively (Dohan and Masschelein 1987). It was also observed that 
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photochemical generation of ozone by UV irradiation was a balance between 
ozone formation and the photolytic decomposition of ozone. Hashem et al. (1997b) 
and Zoschke et al. (2012) applied VUV (172 nm and 185 nm, respectively) with 
internal ozone generation for the degradation of micropollutants and the 
efficiency was reported to be enhanced.  
 Existing patented technologies 
There are also a number of patents about the design of the devices that use UV 
irradiation to produce ozone, combining ozone and UV for degradation or 
disinfection.  
The first design appeared in 1967 for the purpose of swimming pools sanitation in 
U.S. Patent 3336099. Two chambers were set with UV lamps centered inside.  
The apparatus comprised first and second chambers surrounding the UV lamps. 
Oxygen, or gaseous mixture containing oxygen passed through the first chamber 
near and around UV lamp, and liquid passed through the second chamber. After 
that, the mixture of ozone and oxygen gas and irradiated liquid was delivered and 
mixed (Josepb Czulak 1967). In this design, more space and input material is 
needed to fabricate the two separate chambers, which will increase the capital cost 
of the whole system. The relatively long pathway for ozone gas before the mixing 
would also decrease the liquid ozone concentration due to the decomposition on 
the way.  
Later in 1981, another new design was described in U.S. Patent 4273660. 
Compared to the former one, there was only one hollow chamber located around 
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an elongated tubular lamp for producing actinic light such as ultraviolet light. A 
mixture of water and air or air and ozone was introduced through a newly added 
nozzle, which concurrently compressed the mixture and broke up any gas bubbles 
within the mixture into the chamber. A lining material was also mentioned to be 
located around the interior of the housing tank wall to reflect the radiation from 
the lamp (Beitzel 1981). The one chamber was made possible by adding a tube 
outside the lamp, providing a cylindrical gap. The gap is commonly utilized as a 
barrier to prevent thermal shock as the result of difference in the temperatures of 
the lamp and the tube. In patent 4273660, it has a secondary purpose for the air 
space. However, as it is only a gap for the thermal shock, it is very probable that 
this space is not enough to produce sufficient ozone.  
From then on, the devices in different patents all stick to one chamber, but with 
certain discrepancy in the design. In patent US5935431, a similar apparatus was 
designed as a dental unit water supply system (Korin 1997). It integrated filtration 
and sterilization together by surrounding a filtration membrane outside the ozone 
producing chamber. However, in this device, there is no mixing instrument for the 
gas ozone and liquid water. Like in patent 3336099, these two also still need to go 
through a pathway outside the chamber before the mixture. Another U.S. Patent 
6180014 was published in 2001. In this invention, there was no feed gas needed. 
Oxygen will be produced by electrolysis of water, and then interact with UV light 
to produce ozone. Baffles made of inert material were connected to the internal 
surface of the reaction vessel (Amir Salama 2001). The complicated design makes 
this device difficult to be fabricated and applied in the practice. Another three 
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patents was also found published in 2005, 2010, 2011, respectively (Raymond P. 
Denkewicz 2010, Raymond P. Denkewicz 2011, Steven Shih-Yi Chang 2005). 
They are more similar to the design of U.S. Patent 4273660. Small modification 
was made, like adding a spiral water transmitting tube, increasing the space for air 
or water, etc.  
In these designs, with similar structure, more air way and space were added to 
increase the output of ozone. One more improvement was the addition of special 
injector called venturi injector. As shown in Figure 2.3.3 (Mazzei 1997), venturi 
injectors work by forcing water through a conical body which initiates a pressure 
differential between the inlet and outlet. It creates a vacuum inside the injector 
body, which initiates ozone suction through the suction port (Mazzei 1997). There 
are no movable parts in the whole device, which makes it resistant to the working 
pressure. Also, it can give a very high ozone mass transfer rate (up to 90%), and 
the efficiency rarely decreases over time.  
However, there is little holistic examination of the ozone/UV (including VUV) 
system from the amount of ozone generation, micropollutants elimination 
efficiency to the hydroxyl radical exposure rates, which could examine the 
feasibility of this system in practice. Moreover, there is no literature found 
mentioning the synergistic effects from the combination of ozone and UV 
irradiation.  




Figure 2.3.3 Venturi injector 
 ctR  value measurement 
As the primary reactive radicals existing in the advance oxidation processes, the 
amount of hydroxyl radials is a critical parameter for the characterization of 
process, the predictions of oxidation efficiency and by-products formation. 
However, comparing to ozone, hydroxyl radicals are more difficult to measure 
directly in aqueous phase due to their high reactivity towards the water matrix 
(von Gunten 2003a). The high reactivity also leads to a very low steady-state 
concentration of ∙OH radicals, which is typically   10-12 M (Elovitz and von 
Gunten 1999). One of the approaches to tackle this problem is indirect 
measurement of ∙OH radicals with an ozone-resistant probe compounds (Elovitz 
and von Gunten 1999, Haag and Yao 1993).  This method is based on the 
measurement of the disappearance of the probe compound during the ozone 
related processes with a known second-order rate constant between ∙OH and the 
probe. Para-chlorobenzoic acid (pCBA) has been selected, and widely used as the 
probe in recent years (
11
/ 15.0( 3




  sMk  
(Elovitz and von Gunten 1999, Lee et al. 2014, Pi et al. 2005). 
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With the help of pCBA, Elovitz and von Gunten (1999) developed a concept of 
ctR which is the ratio of the exposures of ∙OH and O3 to characterize ozonation 













where   dtOH][  represents the time-integrated concentration of ∙OH, which is 
synonymous with ∙OH exposure; dtO ][ 3 is the time-integrated concentration of 
ozone, synonymous with ozone exposure.  
This concept helped relate hydroxyl radical exposure to a more easily measured 
ozone exposure. The first-order diminution of pCBA from oxidant in this 










where pCBAOHk ,  represents the reaction constant between pCBA and ∙OH. 
In previous studies, pCBA was also used for the process quantification of 
ozone/UV or H2O2/UV combined processes (Javier Benitez et al. 2004, 
Rosenfeldt et al. 2006), with a presumption that the degradation of pCBA by UV 
radiation can be negligible because of the low value of its quantum yield (Bagheri 
and Mohseni 2014, Chen et al. 1998). However, Kutschera et al. (2009) observed 
that pCBA was degradable by both UV and VUV based on direct photolysis, 
which are also both existing in the device used in this study.  
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Thus, as a widely used probe compound, the photolysis of pCBA should not be 
neglected for the determination of hydroxyl radical to ozone exposure ratio in 
UV/VUV involved process studies. The degradation calculation equation should 










2.4 Effects of inorganic ions on combined ozone/UV process 
In natural waters, there are several inorganic ions which could influence the 
UV/O3 process in various ways. Bicarbonate, nitrate and bromide are some of the 
inorganic ions which are commonly found to coexist in natural waters and play an 
important role in the abiotic degradation process of pollutants (Tercero Espinoza 
et al. 2007, von Gunten 2003b). 
 Effects on degradation performance 
Bicarbonate is known for a long time as effective hydroxyl radical scavengers 
(Ikehata et al. 2006, Liao et al. 2001, Peyton and Glaze 1988). The reaction 
between bicarbonate or carbonate and hydroxyl radical significantly decreases the 
concentration of hydroxyl radicals and as a result, the pollutant degradation 
efficiency (Brezonik and Fulkerson-Brekken 1998).  The reaction constants 
between bicarbonate and carbonate ion with hydroxyl radical are 116105.8  sM
and 118109.3  sM , respectively (Crittenden et al. 2012b). Meanwhile, it yields 
the carbonate radical,

3CO  which is less reactive oxidants than ∙OH but can 
reach a higher steady-state concentration (Eq. 2.4.1, Eq. 2.4.2) (Canonica et al. 
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2005, Gonzalez and Braun 1996, Mazellier et al. 2007).  

3CO  can react with 
organic contaminants and provide a certain degree of decontamination. Its 
reaction rate constants with some organic compounds such as fenthion, atrazine, 
malathion and phorate are 117100.2  sM , 116100.4  sM , 115109.8  sM  
and 117102.1  sM , respectively (Huang and Mabury 2000). It also react with 
benzene with a rate constant of 113100.3  sM  (Chen et al. 1975). 
 OHCOOHHCO 233 

 Eq. 2.4.1 




Another ion that plays a significant role is nitrate. Nitrate is firstly known to be 
photoreactive with the formation of ∙OH in around 1970s (Brezonik and 
Fulkerson-Brekken 1998). Until now, there are two opposite effects of nitrate 
photolysis reported upon the degradation of target pollutants: inhibition and 
promotion. Inhibition is due to an “ inner filter” effect in which the presence of 
nitrate ions could reduce the elimination rate by reducing  the fraction of incident 
UV flux which should be originally absorbed by oxidants, such as H2O2 (Mack 
and Bolton 1999, Park et al. 2013, Sörensen and Frimmel 1997, Zoschke et al. 
2014). A decelerating effect of nitrate has been reported by Echigo et al. (1996), 
Yamada and Tsuno (2000), and Zoschke (2012) due to the absorption of VUV 
light by nitrate. The explanation for promotion concerns the generation of 
oxidative radicals during the photolysis of nitrate. The two main reported reactive 
radicals are ∙OH (Brezonik and Fulkerson-Brekken 1998, Tercero Espinoza et al. 
2007, Zepp et al. 1987) and  a structural isomer of nitrate ion upon 
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photoisomerisation, peroxynitrite ( ONOO ) (Eq. 2.4.6, Eq. 2.4.7) (Mack and 
Bolton 1999, Vione et al. 2009).  The reactions of ∙OH generation are shown in 
Eq. 2.4.3 and Eq. 2.4.4 (Mack and Bolton 1999), while Eq. 2.4.5 is involved in 
the nitrite formation which will be discussed in next section. Yang et al. (2008) 
found that nitrate ions played the major role in acceleration in photooxidation of 
azelaic acid by increasing ∙OH concentration. Huang et al. (2013) also mentioned 
one case of increased degradation rate under UV irradiation in the presence of 
nitrate.  
The formation of peroxynitrite, as originally proposed by Beckman et al. (1990), 
has usually been linked to pathology (Beckman et al. 1990, Squadrito and Pryor 
2002). Szabo et al. reviewed that peroxynitrite was produced by the reaction of 
nitric oxide ( NO ) and superoxide (

2O ) in vivo cells, and is a short-lived 
oxidant species that is a potent inducer of cell death (Szabo et al. 2007). It has 
been reported to be a powerful oxidant which can react with organic reductants 
and biomolecules (El Hachemi et al. 2013). Gonzalez and Braun (1996) proposed 
some oxidative mechanisms of peroxynitrite. Firstly, protonation of peroxynitrite 
could yield peroxynitrous acid ( 8.6apK ). The trans configuration of 
peroxynitrous acid is thought to react with organic matter via an energetic 
intermediate complex with hydroxyl-like oxidant properties. The second example 
is peroxynitrite nitration of phenolic compounds which seems to take place 
mainly during the mediation of metal catalysts.  




3NO  is reported to have two absorption bands at 200 – 230 nm and 250 – 360 
nm, respectively, which dominates at 200 nm and 300 nm (Mack and Bolton 
1999). However, most of the studies are about the photolysis of nitrate at 
nm200 with or without oxidants (Mack and Bolton 1999, Sörensen and 
Frimmel 1997, Zepp et al. 1987). Although one of the studies is in the range of 
VUV, which is at 172 nm (Gonzalez and Braun 1995), there are few reports 
discussing about the photochemistry of nitrate at wavelength of 185 nm.  
 
  ONONONO hv 233 )*(  Eq. 2.4.3 
 
  OHOHOHO 2  Eq. 2.4.4 
 
  HNONOOHNO 22 3222  Eq. 2.4.5 
 
  ONOONO hv3  Eq. 2.4.6 
 HOONOHONOO    Eq. 2.4.7 
With the aforementioned reviews, it would be more complicated when 
bicarbonate and nitrate coexist in the water matrix. Lam and Mabury (2005) 
mentioned that carbonate and bicarbonate inhibited the transformation of many 
organic substrates in the presence of nitrate under irradiation. On the contrary, 
bicarbonate and nitrate have also been shown to enhance the degradation of 
dimethyl sulphide and bisphenol A under solar irradiation (Bouillon and Miller 
2005, Tercero Espinoza et al. 2007). Two possible explanations are advanced by 
Vione et al. (2009). The first is that bicarbonate enhances the photolysis of nitrate 
through a solvent-cage effect, reacting with nitrate photolysis derived ∙OH before 
it leaves the surrounding cage of the water molecules. The photolysis of nitrate 
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yields ∙OH and ∙NO2, surrounded by water; the recombination of the radicals 
inside the solvent cage would yield back 

3NO and H
+, decreasing the quantum 
yield of ∙OH production (Bouillon and Miller 2005). The scavenging of ∙OH by 
bicarbonate and carbonate would be able to prevent recombination and, as a 
consequence, the generation rate of OHCO3 

with bicarbonate would be 
higher than that of ∙OH without bicarbonate. An alternative explanation concerns 
the generation of peroxynitrite upon nitrate photoisomerisation as mentioned 
above. 
However, most of the studies concerning these two ions were conducted under 
photolysis only, using either simulated solar irradiation or single UVB lamp. Few 
researches were found in the ozone and UV combined system. As the effects of 
both of bicarbonate and nitrate could be different for compounds with different 
reactivity, their effects on 2-MIB and geosmin could also be different from the 
reported compounds.   
 Effects on by-product formation 
2.4.2.1 Nitrite and bromate formation 
Besides their effects on degradation, inorganic ions may also affect by-products 
formation during the oxidation processes. The VUV involved Ozone/UV 
combined process consists of three main mechanisms: UV/VUV irradiation, 
ozonation and hydroxyl radical oxidation.  
Nitrite formed from nitrate is a major concerned by-product in the processes 
involving UV irradiation. Exposure to nitrates and nitrites at levels above health-
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based risk values has been reported to have adverse health effects on infants and 
children. The health effect of most concern for children is the “blue baby 
syndrome” (USEPA 2012a). It is restricted to a maximum concentration of 1 mg 
L-1 for regulated public water systems by the US Environmental Protection 
Agency (EPA). In Germany, the maximum permitted concentration of nitrite in 
drinking water is set to 0.5 mg L-1 and the concentration at the outlet of drinking 
water plants is limited to 0.1 mg L-1 (Zoschke et al. 2012).  
The photolysis of nitrate leads to the formation of nitrite and oxygen. The overall 
reaction is given in Eq. 2.4.8. However, the transformation of nitrate to nitrite is 
relatively slow under 254 nm as a consequence of the low molar absorption 
coefficient of nitrate ( 4 M-1cm-1) (Oppenländer 2007a). No continuous 
absorption spectra of 

3NO which covers the wavelength at 185 nm can be found 
in literature. However, as shown in Figure 2.4.1, it could be extrapolated that the 
absorption coefficient at 185 nm could be higher than that at 254 nm. Duca (2015) 
measured the absorption coefficient of  

3NO  at 185 nm, which is 5568 
11  cmM . 
It is thousands times higher comparing to the one at 254 nm. In general, the 
quantum yields would increase with decreasing wavelength (Fischer and Warneck 
1996). Therefore, the formation of nitrite (

2NO ) from nitrate (

3NO ) becomes 
even more important when the extra emission at 185 nm is applied for water 
treatment (Masschelein and Rice 2002).  


















The complete reaction scheme including the formation of hydroxyl radicals is 
given by Mack and Bolton (1999) in Eq. 2.4.3 and Eq. 2.4.5.  Under VUV 
irradiation, nitrite is formed by different pathways (Eq. 2.4.9 to Eq. 2.4.14), 
which involves the solvated electrons and hydrogen atoms formed by VUV 
photolysis of water (Gonzalez and Braun 1995).  
   HNOHNO 33  Eq. 2.4.9 
   233 )(NOeNO  Eq. 2.4.10 
   HNOHNO 3
2
3 )(  Eq. 2.4.11 
   OHNOOHNO 2)( 22
2
3  Eq. 2.4.12 






 Eq. 2.4.13 
   HNONOOHON 223242  Eq. 2.4.14 
According to USEPA (USEPA 2012b), the natural level of nitrate in surface water 
is typically low (less than 1 mg L-1). Weyer et al. (2006) also found that in 
agricultural areas, applications of nitrogen fertilizer could result in surface water 
nitrate levels approaching or exceeding 10 mg L-1. With initial nitrate 
concentration of 10 ppm, Kutschera et al. (2009) showed that a fluence of 4000 
J/m2 UV/VUV irradiation caused the formation of 0.15 ppm nitrite (Kutschera et 
al. 2009). Lu et al. (2009) also reported that the yield of 

2NO could be above 0.1 
ppm using a low-pressure Hg lamp (Lu et al. 2009). Therefore, it’s necessary to 
monitor the nitrite formation in waters which is treated by UV/VUV related 
processes.  
Bromate (BrO3-) is another main by-product formed during the ozonation process 
in bromide containing waters. The reaction between ozone and bromide forms 
bromate by three different pathways as shown schematically in Figure 2.4.2 
(Crittenden 2012). Two of the pathways involve ∙OH as well as molecular ozone. 
There was reports indicating that bromate formation is governed by oxidation 
processes with ∙OH radicals in AOPs (von Gunten 2003b). Typical concentrations 
of bromide in natural waters are founded highly viable in the range of 10-1000 
ppb (average in US: 100 ppb) (Amy 1994, Butler et al. 2005, von Gunten 2003b). 
It was reported that bromate formation may already become excessive for 
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bromide levels in the range of 50-100 ppb and would become a serious problem 
for bromide levels above 100 ppb (von Gunten 2003b).  
The International Agency for Research on Cancer classifies bromate as a possible 
human carcinogen (Ratpukdi et al. 2011). It has been found that it is a genotoxic 
carcinogen inducing, for example, renal cell tumors in rats (Kurokawa et al. 1990). 
The World Health Organization (WHO) issues a guideline value of 25 μg L-1, 
while both European Union and the U.S. Environmental Protection Agency 
(USEPA) have set the maximum bromate level in drinking water at 10 μg L-1 
(USEPA 1998).  
2.4.2.2 Nitrite and bromate elimination 
Interestingly, it was found that nitrite could be oxidized by both ozone and OH
back to nitrate as shown in Eq. 2.4.15 and Eq. 2.4.16 (Gonzalez and Braun 1995, 
Hoigne et al. 1985, Kutschera et al. 2009, Naumov et al. 2010). The rate constants 
for the oxidation of nitrite by ozone and ∙OH are 115107.3  sM  and
1110100.1  sM , respectively (Buxton et al. 1988, Hoigne et al. 1985). On the 
other side, both UV and VUV irradiation were also reported as an approach to 
eliminate bromate (Eq. 2.4.17 to Eq. 2.4.19) (Ratpukdi et al. 2011). The 




2BrO  and 
BrO  are 195, 260, and 
330 nm, respectively (Siddiqui et al. 1996). UV light at the wavelength below 
200nm was more effective than that of 254nm (Phillip et al. 2006, Ratpukdi et al. 
2011, Siddiqui et al. 1996).  
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As ozonation and UV irradiation was the mutual impeding methods to the other’s 
by-product formation, it provides another advantage to combine them together. 
Kutschera et al. (2009) noticed that the addition of low doses of ozone prevented 
the nitrite formation under VUV radiation in ultrapure water as well as in 
reservoir water. Ratpukdi et al. (Ratpukdi et al. 2011) showed that the bromate 
formation in the VUV/O3 process was four times lower than under ozonation. 
Zoschke et al. (2012) even found that no bromate concentrations above the 
maximum contaminant level of 10 μg L-1 were formed in the VUV/O3 process.  
Moreover, Lahoutifard et al. (2002) found that one intermediate during bromate 
formation, hypobromous acid/hypobromite ( HOBr/OBr ), could help oxidize 
nitrite to nitrate in atmospheric water by Eq. 2.4.20 and Eq. 2.4.21. However, 
there is little literature regarding to this reaction mentioned in the water treatment 
area. Also, neither literatures studying both of these two by-products together in a 
VUV involved ozone/UV combined system, nor about their mutual impeding 
interaction could be found. 




Figure 2.4.2 Pathways for bromate formation: (a) molecular ozone pathway, 
(b) ∙OH /O3 pathway, (c) O3/∙OH pathway, (d) low - MW organic formation, 




 OHNOOHNO hv 22  Eq. 2.4.15 
 2332 ONOONO 

 Eq. 2.4.16 
 223 22 OBrOhvBrO    Eq. 2.4.17 
 22 22 OBrOhvBrO    Eq. 2.4.18 
 222 OBrhvBrO    Eq. 2.4.19 
 
  BrNOBrONO 32  Eq. 2.4.20 
 
  HBrNOHOBrNO 32  Eq. 2.4.21 
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Chapter 3. Materials and Methods 
3.1 Experimental setups 
 System setup and ozone output examination 
The schematic cross-section of the ozone/UV combined system was set up as 
shown in Figure 3.1.1. One hollow chamber was located around an elongated 
tubular Low Pressure Mercury Lamp (LPML) as the source of ultraviolet light. 
The centralized UV lamp was covered by a quartz sleeve. Feed gas (air or 
oxygen) was introduced to the space between the quartz sleeve and the UV lamp 
from the top of the chamber. Before the experiments began, the water to be 
treated was pumped from the feed water inlet from the bottom. Feed water and 
gas was mixed through a venturi injector just after the water inlet. The irradiation 
experiments were performed in semi-batch conditions on a laboratory scale. 
Spiked DI water in the reaction tank was kept static, while the feed gas was 
continuously flowing into the quartz sleeve. The employed LPML and quartz 
sleeve were purchased from Heraeus, Germany. The emission spectrum of the 
LPML (Power 12W, GPH265T5VH/4, Heraeus) was at both 254 and 185 nm. 
The ratio of 185 nm radiation output to electrical input power was approximately 
6% according to manufacture information (Heraeus). Unless described elsewhere, 
ambient temperature of 25 ℃ was used. To reduce the temperature of the feed 
water, a water cooler was installed besides the system. The recycled cooling water 
passed through the system by pipes rolling around outside of the reaction chamber. 
The reaction tank was made of stainless steel with a maximum liquid volume of 
 Materials and Methods 
58 
 
around 890 mL. The ozone production was measured in both gas and liquid 
phases with air and pure oxygen gas in various feed gas flow rates. Water was 
introduced by a pump (Model 7553-85, Cole Parmer). Suitable feed gas and flow 
rate were chosen based on the results. UV intensity was tested using a radiometer 
(model IL 1400A) from International Light Technologies Inc. USA. The tested 
UV intensity at 254 nm was from 6.37 to 2.90 mW/cm2 from just outside of the 
sleeve to the surface of the inside tank wall. The average irradiance was 
calculated based on the linear reduction assumption within the tank with a 
relatively small radius. The setup of UV/O3 combined system is shown in Plate 
3.1. All the experiments were triplicated.  
 
Figure 3.1.1 Schematic cross-section of ozone/UV combined device with 
elongated tubular UV lamp 
 
 




Plate 3.1 Photo of setup UV/O3 combined system 
 Degradation of 2-MIB and geosmin and determination of ctR  
To examine the elimination efficiency of 2-MIB and geosmin by the combined 
process, degradation experiments were performed using the device. In order to 
understand the effect of each influencing factor, single processes like UV only, 
ozone only and gas bubbling were also experimented.  
2-MIB and geosmin were spiked separately from a 40 mg L-1 stock solution to 
initial concentrations varying from ng L-1 to μg L-1 levels. Degradation efficiency 
was tested with different initial 2-MIB/geosmin concentrations. To see the 
degradation by UV irradiation alone, the feed gas was stopped with only UV lamp 
on. Using only ozone to destruct the target compounds was conducted by 
covering the quartz sleeve with an aluminium foil. Stripping experiments were 
conducted by bubbling feed gas at a chosen flow rate with the monitoring of the 
concentrations of the two target compounds.  All the experiments were triplicated. 
Feed Water 
Lamp with Power 
Reaction Tank with 
Water Cooler 
Gas Flow Meter 
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In all cases, water samples taken at different contact times up to 10 minutes were 
analyzed. 
Para-chlorobenzoic acid (pCBA) was chosen as the probe compound for ∙OH 
measurement. It was spiked from a 50 mg L-1 stock solution to an initial 
concentration of 1 μM. Degradation of pCBA using the device was performed 
under the following experimental conditions: 1) ozone/UV with oxygen feed gas 
at a flow rate of 0.4 L/min; 2) UV only processing with nitrogen and air as feed 
gases at same flow rates; 3) ozone/UV and UV only processing with tert-butanol 
addition (5 mM) with i. oxygen, ii. air, iii. nitrogen as feed gases, iv. without feed 
gas.  All the experiments were triplicated. In all cases, water samples taken at 
different contact times up to 10 minutes were analyzed. 
 Effects of inorganic ions 
The effects of inorganic ions (bicarbonate, nitrate and bromide) were tested from 
two aspects. The first one was the influence on the degradation of 2-MIB and 
geosmin. The other aspect was on the formation of by-product.  
Sodium bicarbonate and sodium bromide were spiked together with 2-MIB and 
geosmin from 100 mM and 1 g L-1 stock solution, respectively. Sodium nitrate 
powder was added directly to the feed water. Nitrogen gas was bubbled for 15 
minutes for all the bicarbonate added experiments to remove the influence of 
dissolved carbon dioxide from air.  
The effects of bicarbonate and nitrate on the degradation efficiency were tested 
both alone and together with each other. In the studies of degradation effects, the 
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concentrations of bicarbonate and nitrate were varied in the ranges of 0 mM to 8 
mM, 0 ppm to 10 ppm, respectively. Nitrite formation experiments were 
conducted with 10 ppm (mg L-1) initial nitrate concentration using the system 
under the following conditions: 1) UV only; 2) UV only with 5 mM t-butanol; 3) 
ozone/UV without bromide addition; 4) ozone/UV with bromide addition 
(100/500/1000 ppb); 5) ozone/UV with 5 mM t-butanol addition. Moreover, the 
variations of 50 ppb initial bromate and the generated bromide concentration were 
also investigated in UV only process with 5 mM tert-butanol addition.  Bromate 
formation experiments were performed with 100 ppb (μg L-1) initial bromide 
concentration using the device under the following conditions: 1) ozone only; 2) 
UV only; 3) ozone/UV; 4) ozone/UV with 5 mM t-butanol addition.  
All the experiments were triplicated. In degradation cases, water samples taken at 
different contact times up to 10 minutes were analyzed. For nitrate and bromate 
formation experiments, water samples taken at different contact times up to 40 or 
60 minutes were analyzed. The volumes of samples taken from the system were 2 
mL and 6 mL for degradation and by-product formation experiments, respectively. 
3.2 Chemicals and reagents 
2-methylisoborneol (2-MIB) (Assay 98%) and geosmin (Assay 98%) were 
obtained from Wako Pure Chemical Industries, Ltd. Sodium chloride (Assay 
99.5%) was purchased from AnalaR. Potassium chromate (GR for analysis 
99.0%) was acquired from Merck. Potassium indigotrisulfonate, starch, potassium 
iodide (ACS reagent 99%), sodium thiosulfate pentahydrate (ACS reagent 99.5%), 
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tert-butanol (t-butanol) (ACS reagent 99%), para-chlorobenzoic acid (pCBA) 
(Assay 99%) were purchased from Sigma-Aldrich.  All reagents were used as 
received, without further purification. De-ionized (DI) water was prepared by 
Milipore Q (MILLIPAK) system throughout the experiment. Industrial grade O2 
feed was from Singapore Oxygen Air Liquid Pte. Ltd. pH buffer solutions were 
prepared by sodium dihydrogen phosphate and sodium hydrogen phosphate, 
which were purchased from Sigma-Aldrich. Sodium nitrate (ACS reagent 99.5%), 
sodium bromide (Assay 98%) and sodium bicarbonate (Assay 99.7%) were 
purchased from Merck.   
The detailed dimensions of lamp, quartz sleeve, reaction tank and venturi injector 
are listed in Table 3.2.1. 
Table 3.2.1 Dimensions of different parts in the system 
Low pressure UV lamp 
Lamp power Total length Arc length Diameter 
12W 265mm 185mm 18.7mm 
Quartz sleeve 
Outside diameter Inside diameter Length 
2.8cm 2.5cm 35cm 
Reaction tank 
Outside diameter Inside diameter Length 
7.3cm 6.7cm 30cm 
Venturi injector 














1/5 1/8 57 0.05-0.25 
 
3.3 Sampling and analysis methods 
 Sampling 
All the water samples were first collected with 25 mL sampling tubes. Different 
required volumes were then removed from the tubes by pipettes. For 2-MIB and 
geosmin measurement in GC/MS, samples were prepared in 20 mL screw capped 
vials. The used vials was soaked in detergent for 24 h and then rinsed thoroughly 
with ultrapure water, followed by combusting at 550 ℃ for 4 hours. Sample 
preservation was accomplished by storing the tubes/vials at 4 ℃ immediately after 
sampling.  Analysis was performed within 24 hours of collection.   
 Ozone measurement 
Gas phase ozone was quantified by iodometric method (APHA 1998). Liquid 
phase ozone was measured in DI water at the outlet of the reaction tank by indigo 
colorimetric method (APHA 1998).  
 2-MIB and geosmin analysis 
Solid-phase microextration gas chromatography/ mass spectrometry (SPME-
GC/MS) was used for the determination of 2-MIB and geosmin as developed by 
Watson et al. (2000). 4 g of sodium chloride was weighted in a 20 mL screw 
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capped vial. 13 mL of sample was added to the vial. Samples were incubated at 
60 ℃ for 20 minutes before desorption for 2 minutes in the GC inlet. The samples 
were injected into the GC-MS with an auto-sampler (AOC-20s). Shimadzu 2010 
gas chromatograph equipped with a mass spectroscopy detector (MSD) 
(Shimadzu Asia-Pacific, Singapore) and chemical ionization mode was used for 
the detection (Plate 3.2). Separation of these two compounds was performed by 
DB-5 MS fused silica capillary column. DVB/CAR/PDMS 50/30µm thick SPME 
fiber (Sigma-Aldrich, USA) was used for 2-MIB and geosmin sorption. The MSD 
acquisition was performed in time scheduled selected ion monitoring (SIM) mode. 
The GC oven temperature was held at 35 ℃ for 1.5 minutes, ramped at 8 ℃ min-1 
to 100 ℃, then ramped at 20 ℃ min-1 to 280 ℃ and held for 5 minutes, and finally 
ramped to 300 ℃. For selected ion monitoring (SIM) mode, the ions m/z 168, m/z 
108 and m/z 95 were monitored for 2-MIB, and the ions m/z 182, m/z 112 and 
m/z 125 were monitored for geosmin. 2-MIB and geosmin standards were 
purchased from Sigma-Alrich. The detection limits were 1 ng L-1 for both 2-MIB 
and geosmin. The chromatogram of standard 2-MIB and geosmin at concentration 
of 200 ng L-1 is shown in Figure 3.3.1. 
 




Plate 3.2 GC-MS apparatus 
 
Figure 3.3.1 Chromatogram of 2-MIB and geosmin (200 ppt) 
 
 pCBA analysis 
Samples of pCBA (10 μl) from the above procedure were injected into liquid 
chromatography-quadrupole mass spectrometry (LC-MS-MS) (Shimadzu, Japan) 
for detection (Vanderford et al. 2007), as shown in Plate 3.3. Analyses were 
performed by reverse-phase liquid chromatography (RP-LC) followed by 
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electrospray ionization (ESI) double mass spectrometry (MS-MS). Agilent 
Zorbax SB-C18 column (2.1×150 mm, particle size 3.5 μm) was used for 
separation and quantification of pCBA. The tandem MS analyses were performed 
on a triple quadrupole mass spectrometer equipped with a Z-spray electro-spray 
interface (LCMS-8030, Shimadzu, Japan). Ions were acquired in multiple reaction 
monitoring (MRM) modes with a dwell time of 7.0ms. Collision induced 
dissociation (CID) was performed using argon at approximately 230kPa. The 
electrospray source block and desolvation temperature were set at 300 and 250 ℃, 
respectively. Drying and nebulizing gas flow rates were set at 15 and 3 L/min, 
respectively. Interface voltage and interface current were set at 3.5 kV and 0.2 
mA, respectively. After choosing the precursor ions, productions were obtained 
and optimized with three key parameters: entrance potential (EP), collision energy 
(CE), and collision exit potential (CXP). Analyses were eluted by ultrapure water 
as phase A and methanol as phase B. An eluent consisting of 90%:10% 
H2O:methanol was used. The total mobile phase flow rate was 0.3 mL/min. The 
temperatures of column and autosampler were kept at 40 ℃ and 15 ℃, 
respectively. An injection volume of 10 μL was used with sampling speed at 5.0 
μL/sec. pCBA was quantified using precursor ion at m/z 155 and product ion at 
m/z 111. The detection limit for pCBA was 100 ng L-1. The chromatogram of 
standard pCBA at concentration of 1 μM is shown in Figure 3.3.2. All the 
detections were triplicated. 




Plate 3.3 LC-MS-MS apparatus 
 
Figure 3.3.2 Chromatogram of pCBA (1 μM) 
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 pH analysis 
pH analysis was performed in accordance with Standard Methods (APHA 1998). 
A SCHOTT Lab 850 pH meter was used to determine the pH value immediately 
after sampling.  
 Ion analysis 
Nitrate and nitrite were analyzed by ion chromatography (Dionex ICS-1600, 
Plate 3.4) with a Dionex CS12A column and autosampler (Dionex AS-DV) 
according to USEPA Standard Method 300.1. The eluent consisted of 20 mM 
32CONa , and was operated with a flow rate of 1.0 mL min
-1. The detection limits 
were 0.010 and 0.015 mg L-1 for nitrite and nitrate, respectively. Bromate and 
bromide were detected by ion chromatography (Dionex ICS-3000 series, Plate 
3.5) with a Dionex AS11-HC column (USEPA Standard Method 300.1). The 
eluent used was DI water, which was operated at a flow rate of 1.8 mL min-1. The 
detection limits for bromate and bromide were 3.5 and 0.3 μg L-1, respectively. 5 
mL samples were taken periodically and kept in capped vials for IC analysis. 
  
  
Plate 3.4 Dionex ICS-1600        Plate 3.5 Dionex ICS-3000 
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3.4 Data analysis 
 Reaction rates of 2-MIB and geosmin degradation 
As the destruction of 2-MIB and geosmin would be caused by direct photolysis, 
ozone oxidation and ∙OH oxidation, the pathway is complex and involves 
numerous steps. A steady-state analysis of the general mechanism of AOPs was 
















Where VP,,  are constants related to the system, technology and electric power, 
C is the target compound, and S are series of scavengers for the reactive 
intermediates.  
However, the overall kinetics of the degradation can be described 
phenomenologically by a simple pseudo first-order rate law (Bolton et al. 1996). 




rrate app  Eq. 3.4.2 
Where appk  is the apparent pseudo first-order reaction constant. After integration, 
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 ctR  value determination with the consideration of photolysis 
Generally, the rate of direct photolysis is equal to quantum yield multiplied by 
total light absorption (Schwarzenbach et al. 2005). The elimination of target 
compounds by direct photolysis can be described as in Eq. 3.4.4 (Chen et al. 2004, 
Javier Benitez et al. 2004, Schwarzenbach et al. 2005) : 




Cd    
Eq. 3.4.4 
In which   and 0I  are the quantum yield and incident UV radiation intensity at 
the wavelengths of the work, respectively. Cf  represents the fraction of radiation 
absorbed by the target compounds C. V is the volume of the reaction and   is the 
molar extinction coefficient. l  is the optical path length, and ][C  represents the 
concentration of target compound C. When ][Cl  is < 0.02 (even at the highest 
concentrations employed in this study, 01.0][ Cl ), the following approximation 
can be made:  
 ][303.2101 ][ ClCl     
Eq. 3.4.5 
For small concentrations of target compound C, the above rate of direct photolysis 











Taking both 185 nm and 254 nm into consideration, the photolysis equation for 
pCBA can be integrated to Eq. 3.4.7: 


















Eq. 3.4.7  
In which 254,185, , aveave  are the average UV radiant flux at 185 nm and 254 nm 
within the reaction tank. Since all the parameters before time t  are constant 




















Combining the direct photolysis with oxidation of pCBA, the final pCBA 









Finally, with photolysis of pCBA also included in the whole degradation, the 
























 Eq. 3.4.10 
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Chapter 4. Results and Discussion 
4.1 Ozone production 
Hourly photochemically generated gas ozone concentration was measured as a 
function of feed gas flow rates by air and oxygen at identical conditions. The 
results in Figure 4.1.1 showed oxygen could bring an around five times higher 
ozone output than that from air, which is in accordance with the oxygen ratio in 
pure oxygen and air ((oxygen:air): (100:21)). Under the given conditions, the 
amount of the generated ozone was increased with increasing flow rates from 0.2 
to 1.0 L min-1 for both of the two feed gases, which indicates that in these flow 
rate ranges, the amount of oxygen molecule could be the main limiting factor. 
Above 1.0 L min-1, a saturation state was reached, for both air and oxygen feed 
gases. At this stage, the main controlling factor could change to the irradiation 
fluence. As the gas ozone production reached the highest value (around 80 mg L-1 
by oxygen) at a feed gas flow rate of 1.0 L min-1, it was chosen for the following 
experiments. 
Unlike the hourly generated ozone amount, gas ozone concentration was 
decreased with the increasing air and oxygen flow rates (Figure 4.1.2). This is 
relatively easy to understand. When the feed gas flow rates were changed from 
0.2 L min-1 to 1.0 L min-1, the total amount of generated ozone was increased with 
more oxygen molecules brought by higher feed gas flow rates as shown in Figure 
4.1.1. However, the total gas volume was also increased at higher flow rates. The 
increase of ozone amount was not as quick as that of gas volume, leading to a 
decrease of overall gas phase ozone concentration. When the flow rates rose from 
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1.0 L min-1 to 8.0 L min-1, the amount of ozone did not change while total gas 
volume kept increasing. Thus, the gas phase ozone concentration was reduced 
even more quickly as shown in Figure 4.1.2.  
 
Figure 4.1.1 Hourly photochemical ozone generation as a function of feed gas 



































Figure 4.1.2 Gas phase ozone concentration as a function of feed gas flow 
rate by air and oxygen 
Both air and oxygen were examined for the liquid phase ozone concentrations as a 
function of bubbling time at a flow rate of 1.0 L min-1 (Figure 4.1.3). For air feed 
gas, the maximum concentration was only around 0.01 mg L-1, which is 
comparably too low for usual ozone/UV oxidation experiments either for 2-MIB 
and geosmin or other compounds (Collivignarelli and Sorlini 2004, Garoma and 
Gurol 2006, Garoma et al. 2008) . Whereas, oxygen generated liquid phase ozone 
concentration was about 0.12 mg L-1, around ten times higher than that from air, 
though still low but in the same order with some of the  ozone/UV experiments 
(Meunier et al. 2006, Wang et al. 2004) . As a consequence, oxygen was chosen 
as the feed gas for the following experiments. Liquid phase ozone concentrations 
with different oxygen flow rates at 1st, 2nd, 5th, 10th minute are shown in Figure 
4.1.4.  As shown in Table 4.1.1, t-tests were run among the ozone concentrations 
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between 1st minute verses 5th and 10th minute, respectively, which indicates that 
bubbling time of feed gas would not have much influence on the liquid phase 
ozone concentration until the fifth minute. 
 
Figure 4.1.3 Liquid phase ozone concentrations in DI water at different 
bubbling time (feed gas flow rate: 1.0 L min-1) 
 
Figure 4.1.4 Liquid phase ozone concentrations in DI water at different 
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Table 4.1.1 p-values between different bubbling time 
p-value 2nd 5th 10th 








    
Another interesting finding was that the maximum liquid phase ozone 
concentrations produced during same bubbling time all appeared at an oxygen 
flow rate of 0.4 L min-1. The t-tests between different flow rates also confirmed 
the significant difference (p<0.05) between 0.4 L min-1 and the others (Table 
4.1.2). This might be explained by a balance among gas ozone accumulation, gas 
blowing effect and ozone decomposition was reached at 0.4 L min-1.  
Table 4.1.2 p-values between different flow rates 
p-value 0.4 L/min 0.6 L/min 0.8 L/min 1.0 L/min 
0.2 L/min 0.039511 0.214194 0.464879 0.817622 
0.4 L/min 
 





   
0.449518 
1.0 L/min 
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The mass transfer coefficient of gas ozone to liquid ozone can be obtained by the 





,3,3     Eq. 4.1.1 
 
 
Considering material balance (t=0, C=0), the mass transfer coefficient lak , which 
was the main limiting factor of the degradation efficiency of organic pollutants 
can be calculated from Eq. 4.1.2. 
 logtk la  )/1( satCC  Eq. 4.1.2 
where, satC  is the saturated concentration of ozone.  
Using the data from Figure 4.1.4, the ozone mass transfer coefficient of this 
device with oxygen feed gas at 0.4 L min-1 was 3102.3  s-1. Comparing with the 
results from Shu & Huang (1995), this is almost in the same range with that can 
be reached by an ordinary ozone generator.  
Theoretically, the maximum liquid ozone concentration can be calculated 




C are the partial 
pressure gas phase ozone and concentration of liquid phase ozone, respectively. 
The Henry’s constant of ozone is 9.19 Kpa m3 mol-1 at 298.2K (Rischbieter et al. 
2000). The calculated maximum concentrations are listed in Table 4.1.3. 
Comparing the experimental data to the calculated ones, around 10% to 40% of 
oxygen generated gas phase ozone was dissolved to liquid phase, indicating it 
didn’t reach the best mass transfer rate by a venturi injector (up to 90%) (Mazzei 
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1997). There could still be possibilities for further improvement, such as changing 










K   
Eq. 4.1.3 
Table 4.1.3 Max. Liquid Phase Ozone Concentration According to Henry’s 
Law 
Feed gas flow 
rate (L min-1) 












Figure 4.1.5 Effect of temperature on liquid phase ozone concentration (Feed 
gas: oxygen, Flow rate: 0.4 L min-1) 
 
The influence of temperature on the liquid phase ozone concentrations is shown in 
Figure 4.1.5. Higher saturated concentration was reached at lower temperature, 
which agrees with that the slower decomposition of ozone at lower temperature 
indicated by Sotelo et al. (1987). Sotelo et al.(1989) observed an increase in 
temperature brought a decrease in the liquid phase ozone concentration. They 
concluded that it could be due to a drop in the liquid phase driving force for ozone 
diffusion and to a higher ozone decomposition rate.  Ershov and Morozov (2009) 
indicated that the temperature dependence of the second-order ozone 
decomposition rate constant could be well described by the Arrhenius equation 
and the rate of ozone decomposition increased as the temperature grew. However, 
the difference was not too much in the first ten minutes, which was crucial to the 
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the high extra energy consumption by water cooler, room temperature was still a 
better choice.  
In summary, after a series of ozone production experiment on the ozone/UV 
system, 0.4 L min-1 of oxygen feed gas and room temperature was chosen for the 
following degradation tests. 
4.2 2-MIB and geosmin degradation by the combined O3/UV process 
 Effect of feed gas flow rate 
Both 2-MIB and geosmin were degraded quickly during the degradation studies 
with initial concentrations at ng L-1 level. When initial concentrations were 
increased to μg L-1 level, the time needed for a 98% removal increased from 30 
seconds to 1 minute as shown in Figure 4.2.1. Geosmin was found to be oxidized 
faster than 2-MIB, which is agreeable with their reaction rate constants with ∙OH 
and ozone. The reaction rate constants of the odour compounds with hydroxyl 
radicals are 8.20×109 M-1s-1  and 1.40×1010 M-1s-1  for 2-MIB and geosmin, 
respectively (Glaze et al. 1990). For ozone, it is 1.0 M-1s-1 for 2-MIB and 7.5 M-
1s-1 for geosmin (Westerhoff et al. 2006).   
As mentioned in ozone production section, feed gas flow rates associate with the 
generation of ozone, and also with ozone dose (as shown in Figure 4.1.4). Since 
the ozone related degradation effect using this combined device involves not only 
the amount of ozone, but also parameters like mass transfer, bubbling effect, etc., 
degradation experiments were performed by varying the flow rates of feed gas to 
observe the overall effect brought by feed gas flow rate. There was no obvious 
difference in reduction efficiency of 2-MIB with different oxygen flow rates (0.2, 
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0.4, 0.8 L min-1) as shown in Figure 4.2.2. The effect for geosmin was similar to 
2-MIB (Figure 4.2.3). There may be two reasons for this observation. Firstly, 
hydroxyl radical played a predominant role in the processes with a much higher 
reaction rate constant, and ozone attributed much less to the combined 
degradation. This is in agreement with the conclusion from  Beltran et al. (1994), 
in which the oxidation of atrazine mainly went through by hydroxyl radicals. In 
another study, Shen and Ku (1999) also proved the major role of hydroxyl radical 
in the degradation of volatile organic compounds. The other explanation could be 
that ozone mass transfer was too limited which reduced the ozone contribution to 
the process. This can be confirmed by the results of ozone mass transfer 
coefficient (3.2×10-3 s-1 at an oxygen flow rate of 0.4 L min-1) from gas phase to 
liquid phase from Section 3.1. Similar results have also been found by Shu and 
Huang (1995) in the degradation process for azo dyes. In their study, the mass 
transfer coefficient was only 3.38×10-3 s-1 with an ordinary ozone generator at an 
oxygen flow rate of 6.0 L min-1, and the coefficients for different oxygen flow 
rates (7.5 L min-1, 9.0 L min-1) were calculated to be about the same (3.70×10-3 s-1 
and 5.08×10-3 s-1, respectively). As a result, the degradation of the target 
compounds, acid orange 10, at these three oxygen flow rates was also found to be 
almost the same,  confirming the significance of ozone mass transfer rate effect in 
the degradation process. Therefore, gas phase ozone mass transfer could be one of 
the controlling factors for this ozone/UV degradation process. 




Figure 4.2.1 Removal of 2-MIB and geosmin with different initial 
concentrations using the ozone/UV combined device at an oxygen flow rate of 
0.4 L/min 
 
Figure 4.2.2 Degradation of 2-MIB in DI water with different oxygen flow 
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Figure 4.2.3 Degradation of geosmin in DI water with different oxygen flow 




 Synergistic effect 
To validate the contribution of individual processes to the combined degradation, 
single UV irradiation and ozone degradation experiments were conducted 
individually, and the results are shown in Figure 4.2.4 and Figure 4.2.5. When 
using UV only, the time needed for a 95% removal of both 2-MIB and geosmin 
extended to two minutes from one minute by using Ozone/UV combined process. 
Both compounds were insignificantly reduced through direct ozonation. The 
removal rates after ten minutes were only 28% and 32% for 2-MIB and geosmin, 
respectively. Comparing both of the single experiments to the combined ones, it 
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efficient for the degradation of both 2-MIB and geosmin, especially than the ones 
by ozonation only.  Scavenging experiments were also performed. The results 
show that the scavenged combined process almost overlaid with ozone only 
process for both 2-MIB and geosmin, which indicating that there was limited 
direct photolysis of these two compounds. Thus, it could be implied that for these 
two targeted compounds in this study, the most of degradation effect under UV 
only process would be attributed to the hydroxyl radicals produced by VUV water 
homolysis.  
 
Figure 4.2.4 Degradation of 2-MIB in DI water spiked with 2-MIB and 














 UV only Ozone only
UV/Ozone UV/Ozone with tert-butanol




Figure 4.2.5 Degradation of geosmin in DI water spiked with 2-MIB and 
geosmin (C0 = 3 ppb) under UV irradiation, ozonation and ozone/UV 
processes 
 
To elaborate more about the degradation rates for different processes, the 
reduction rate of 2-MIB and geosmin at 30 seconds are quantified and shown in 
Figure 4.2.6 and Figure 4.2.7. It can be found that the combined process 
efficiency (2-MIB: 73.4%, geosmin: 82.5%) was much more than that of 
individual UV (2-MIB: 55. 5%, geosmin: 65.9%) or ozone (2-MIB: 0.7%, 
geosmin: 4.3%). It was even more than the sum of the two (2-MIB: 
55.5%+0.7%=56.2%, geosmin: 65.9%+4.3%=70.3%). So it can be inferred that 
an additional synergistic effect was achieved in the combined degradation process. 
The portion of the synergistic effect in the combined ozone/UV process was 
calculated to be 17.2% for 2-MIB and 12.2% for geosmin.  This additional portion 
of reduction might be because of the extra hydroxyl radicals generated by the UV 













UV only Ozone only
UV/Ozone UV/Ozone with tert-butanol
 Results and Discussion 
86 
 
Peyton and Glaze (1988) and Beltran et al. (1994). First of all, UV photolysis of 
ozone leads to the production of hydrogen peroxide. The produced hydrogen 
peroxide can then decompose directly into hydroxyl radicals. The overall reaction 
can be described as Eq. 4.2.1. Similar results were also reported by Kuo (1999) 
and Jung et al (2008), in which about 155% more TOC removal and 75%  more 
disinfection of Bacillus subtilis spores were achieved by synergistic effects.  The 
smaller synergy gained in this study could probably be explained by the ten times 
smaller of ozone dose. The ozone dose in this study was around 0.12 mg L-1, 
while it was more than 2 mg L-1 in the others (Jung et al. 2008). 
 
223 2 OOHOHO




Figure 4.2.6 Degradation of 2-MIB after 30 seconds under UV irradiation, 
ozonation and ozone/UV combined processes (Co: 3 ppb, Oxygen flow rate: 
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Figure 4.2.7 Degradation of geosmin after 30 seconds under UV irradiation, 
ozonation and ozone/UV combined processes (Co: 3 ppb, Oxygen flow rate: 
0.4 L min-1) 
 Effect of pH 
Besides ozone dosage, pH value is one of the key parameters for the success of an 
ozone/UV system (COUCH 2007).  However, there were contrast findings on 
influencing trends regarding to the pH effect on ozone/UV process for different 
compounds degradation (Buffle et al. 2006, Gurol and Singer 1982, Kishimoto 
and Nakamura 2011). It was reported that ozone decomposition could be 
accelerated by increasing pH, thus, generating more ∙OH at the same time (Buffle 
et al. 2006). While Kishimoto and Nakamura found  that the decrease in pH 
enhanced the ozone utilization efficiency on ozone/UV treatment of 1, 4-Dioxane 
by shifting the hydroxyl radicals production pathway from the ozonide ion (

3O ) 
to the UV photolysis of H2O2 (Kishimoto and Nakamura 2011).  
The degradation results of 2-MIB and geosmin under different pH values are 
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pH 4 and pH 6 for both 2-MIB and geosmin. No obvious difference could be 
observed between pH 4 and pH 6 in Figure 4.2.8. At all these three pH conditions, 
both of the two target compounds could be eliminated by more than 95% within 
one minute. To elaborate the effect of pH on the decomposition efficiency more 
clearly, pseudo first-order reaction rate constants of 2-MIB and geosmin 
degradation under the observed pH values are summarized in Figure 4.2.9. The 
elimination rate constant at pH 4 was almost the same as the one at pH 6 (2.7 min-
1 and 3.0 min-1 for 2-MIB and geosmin, respectively). While when pH was 
increased from 6 to 8, the rate constant was increased to greater than 4.0 min-1 for 
both of the two target compounds.  The almost unchanged removal rates at pH 4 
and pH 6 might be due to the overall effect of the accelerated ozone 
decomposition at higher pH as suggested by von Gunten (2003a) and the 
recombination of hydroxyl radicals afterwards as shown in Eq. 4.2.2 (Kutschera 
et al. 2009). While when pH was further increased to 8, the accelerated ozone 
decomposition outstripped the hydroxyl radical recombination, leading to a higher 
hydroxyl radical concentration. However, considering the high enough 
degradation efficiency obtained without pH adjustment (pH 6) and the economic 
feasibility, no pH adjustment was chosen for subsequent studies.  
 

















































Figure 4.2.9 Experimentally determined rate constants appk for 2-MIB and 
geosmin under different pH values 
 
 Effect of feed gas stripping 
As feed gas must be introduced continuously to generate ozone in situ, the 
degradation experiments were carried out in a semi-batch system. It is possible 
that the target compounds were reduced by the stripping effect of the feed gas. 
Therefore, feed gas stripping experiments were conducted, and the results are 
shown in Figure 4.2.10.  At the chosen flow rate, the concentrations almost kept 
the same in the examined period. This might be due to the short experiment 
period and low flow rates. It also agrees with the results by  others (Song and 
O’Shea 2007), in which air stripping systems was reported to be not economical 
























Figure 4.2.10 Stripping effect of oxygen gas (flow rate: 0.4 l/min) in DI water 
spiked with 2-MIB and geosmin (C0: 3 ppb) 
 
4.3 Effects of inorganics in the combined UV/O3 device 
 Effects of bicarbonate and nitrate on 2-MIB and geosmin 
decomposition  
4.3.1.1 Effects of bicarbonate 
With the increase in bicarbonate concentration from 0 to 8 mM, both of the 2-
MIB and geosmin decomposition efficiency was increasingly inhibited. As shown 
in Figure 4.3.1, both of the two compounds were degraded more slowly with 
more bicarbonate addition. The trends of pseudo first-order reaction rate constants 
are indicated in Figure 4.3.2. The rate constants were decreased from 2.722 to 
0.2976 min-1 for 2-MIB and from 3.076 to 0.3832 min-1 for geosmin, respectively. 
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influence of bicarbonate is mainly inhibition. The inhibition effect could be 
mainly attributed to the scavenging of ∙OH by bicarbonate. Another finding is that 
in comparison of the rate constants with overdosed hydroxyl radical scavenger (5 
mM tert-butanol) (2-MIB: 0.0358 min-1; Geosmin: 0.0435 min-1) and with 8 mM 
bicarbonate addition (2-MIB: 0.2976 min-1; Geosmin: 0.3832 min-1), the latter 
was almost ten times higher. There might be due to two main reasons. One could 
be that 8 mM bicarbonate addition was not enough to scavenge all the ∙OH. 
Another possibility could be the appearance of carbonate radical (

3CO ) as 
shown in Eq. 4.3.1 and Eq. 4.3.2 (El Hachemi et al. 2013, Gonzalez et al. 2004, 
Staehelin and Hoigne 1985, Tercero Espinoza et al. 2007). Experiments with 
overdosed tert-butanol and 8 mM bicarbonate addition were conducted to 
elucidate the reason. The rate constants obtained were 0.0997 min-1 and 0.1155 
min-1 for 2-MIB and geosmin, respectively, which is still higher than the ones 
with tert-butanol but no bicarbonate addition. Therefore, it could be confirmed 
that carbonate radicals were generated by the reactions between bicarbonate and 
hydroxyl radial which was accounted for the additional decomposition of the two 
target compounds as mentioned in the literature (El Hachemi et al. 2013, 
Mazellier et al. 2007, Vione et al. 2009).  
By comparing the decomposition rates by different processes of the two target 
compounds, the individual contributions of reactive radicals or processes by the 
combined UV/O3 system with 8mM bicarbonate addition are shown in Table 
4.3.1 (For example, the contribution of carbonate radical in 2-MIB reduction is 
21.5%, which is equal to (0.0997 min-1 – 0.0358 min-1)/0.2967 min-1.). Although 
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with the scavenging effect of ∙OH by bicarbonate, hydroxyl radicals stilled played 
a significant role in the whole process. Hydroxyl radicals made the largest 
contribution to both 2-MIB and geosmin decomposition by providing 66.5% and 
69.9% of the degradation, respectively.  At the same time, the contribution of 

3CO  was stronger than that of ozonation, with 21.5% versus 12.0% for 2-MIB 
and 18.8% versus 11.4% for geosmin. Carbonate radicals can present a more 
selective reactivity towards organic compounds than hydroxyl radicals. They may 
react by electron transfer (aromatic amines, thiols, metals and inorganic anions) or 
hydrogen transfer (alcohols, primary amines, thiols and phenols) (Mazellier et al. 
2007).  Larson and Zepp (1988) investigated the reaction pathway of 

3CO  with 
a number of aromatic amine compounds and concluded that it could react rapidly 
for electron-rich systems by electron transfer (Larson and Zepp 1988).  As a 
selective oxidant, 

3CO  may also play an important role in oxidizing sulfur-
containing compounds with a rate constant at 106 to 107  M-1s-1, thus contributing 
to their transformation (Chen and Hoffman 1973).  
 OHCOOHHCO 233 

 Eq. 4.3.1 









Figure 4.3.1 (a) 2-MIB and (b) Geosmin decomposition using the combined 














Bicarbonate 0mM Bicarbonate 2mM













Bicarbonate 0mM Bicarbonate 2mM
Bicarbonate 4mM Bicarbonate 8mM




Figure 4.3.2 Experimentally determined pseudo first-order rate constants for 
2-MIB and geosmin in ozone/UV degradation with bicarbonate addition 
( MIBo,2C  , geosmino,C =3.0 ppb) 
 
Table 4.3.1 Contribution percentage of reactive radicals or processes in 




∙OH 66.5% 69.9% 
    

3CO  21.5% 18.8% 
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4.3.1.2 Effects of nitrate 
Nitrate has been reported to contribute to the removal of xenobiotic from the 
aquatic system (Lam et al. 2003, Vione et al. 2009). Contrary to the results of 
bicarbonate, nitrate addition accelerated the degradation rates of 2-MIB and 
geosmin in this study. Figure 4.3.3 shows the increased promoting effects with 
increasing amounts of nitrate addition. To demonstrate the effect by nitrate, the 
pseudo first-order reaction rate constants of 2-MIB and geosmin degradation with 
nitrate addition were calculated and shown in Figure 4.3.4. With nitrate 
concentrations ranging from 0 to 10 ppm, rate constants were increased from 
2.722 to 3.624 min-1 for 2-MIB, and 3.076 to 3.938 min-1 for geosmin, 
respectively. The degradation efficiency was increased by 25% for 2-MIB and 
28% for geosmin. In contrast to the previous work (Park et al. 2008, Sörensen and 
Frimmel 1997), which demonstrated the inner filter effect of nitrate on the 
degradation of organics in UV/H2O2 process, it suggests that in this combined 
ozone/UV process nitrate can promote the degradation. This more efficient 
decomposition suggests that there could be more reactive radicals appearing as a 
result of nitrate photolysis. Since nitrate photolysis could be used to generate 
hydroxyl radicals under not only UV irradiation (Mack and Bolton 1999, Tercero 
Espinoza et al. 2007), but also VUV conditions (Gonzalez and Braun 1995, 
Kutschera et al. 2009), the additional hydroxyl radical formation could be one of 
the probable reasons. Another reason could be the formation of peroxynitrite as 
shown in Eq. 4.3.3 (Mack and Bolton 1999, Vione et al. 2009). The potential 
contributions of the two oxidizing radicals were then examined using scavenging 
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experiments. When nitrate (10 ppm) was added together with ∙OH scavenger 
(Degradation profile was also shown in Figure 4.3.3.), the elimination 
efficiencies became much lower. Since all the hydroxyl radicals in the scavenged 
combined UV/O3 process were eradicated, the possible reacting mechanism left 
would be ozonation, direct photolysis and oxidation caused by peroxynitrite. The 
calculated pseudo first-order rate constants were 0.2068 min-1 for 2-MIB and 
0.2844 min-1 for geosmin which were still much higher than the ones without 
nitrate addition (rate constants: 2-MIB: 0.0358 min-1; geosmin: 0.0435 min-1). As 
mentioned in section 4.2.2, in the scavenged experiments without nitrate addition, 
the only oxidizing mechanism was ozonation. 2-MIB and geosmin could hardly 
be reduced by direct photolysis. This higher reaction constants clearly reveal that 
besides hydroxyl radicals, peroxynitrite ( ONOO ) might also be formed for 
oxidizing target compounds. Peroxynitrite was reported to be capable of oxidizing 
big biomolecules such as thiols, lipids and methionine (Koppenol et al. 1992, 
Pryor et al. 1994, Squadrito et al. 1995). It would be reasonable to postulate that 
peroxynitrite helped in this decomposition study. By comparing the 
decomposition rates by different processes of the two target compounds, the 
individual contributions of reactive radicals or processes by the combined UV/O3 
system with 10 ppm nitrate addition are shown in Table 4.3.2. It could imply that 
hydroxyl radicals still played a dominant role in the combined ozone/UV process, 
by contributing 94.3% and 92.8% of the total degradation for 2-MIB and geosmin. 
ONOO  was the second efficient oxidizing radical (4.7% and 6.1% for 2-MIB 
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and geosmin, respectively), more efficient than the effect of ozonation (1.0% for 
2-MIB and 1.1% for geosmin, respectively).  
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Figure 4.3.3 (a) 2-MIB and (b) Geosmin decomposition using the combined 
ozone/UV device with different nitrate concentrations ( MIBo,2C  , geosmino,C =3.0 
ppb) 
 
Figure 4.3.4  Pseudo first-order rate constants for 2-MIB and geosmin in 
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Table 4.3.2 Contribution percentage of reactive radicals or processes in 




              OH  94.3%  92.8%  
ONOO  4.7% 6.1%  
Ozonation 1.0%  1.1%  
 
 
4.3.1.3 Combined effects of bicarbonate and nitrate 
In natural waters, bicarbonate and nitrate usually coexist. However, contrary 
effects, inhibiting or enhancing, were reported on different target compounds as 
reviewed in section 2.4. There were also few studies discussing the effects of the 
coexistence of bicarbonate and nitrate in a combined ozone/UV process involving 
VUV. Therefore, the experiments with both bicarbonate and nitrate additions 
were also conducted. 2 mM bicarbonate was added with increasingly changed 
nitrate concentration up to 10 ppm. As shown in Figure 4.3.5, no constant 
inhibiting or promoting trends could be found with increasing concentration of 
nitrate. To make it more clearly, the rate constants for 2-MIB and geosmin 
decomposition by combined ozone/UV are also calculated and shown in Figure 
4.3.6. Interestingly, the constants for both 2-MIB and geosmin dropped shapely 
when 2 ppm nitrate was firstly added. It then bounded back slightly with 6 ppm 
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nitrate addition, and kept decreasing with more nitrate addition afterwards. Inner 
filter effect could be one of the explanations for the decrease of rate constant with 
2 ppm nitrate addition.  As most of the hydroxyl radicals were scavenged by 
bicarbonate, more nitrate precluded new ∙OH formation because of the 
competition for UV and more importantly VUV flux between nitrate and 
ozone/H2O.  Even though nitrate scavenging of ∙OH was considered as inefficient 
by Gonzalez and Braun ( 115100.1  sMk ) (Gonzalez and Braun 1995), it 
could still be one of the reasons for the diminution of removal rate. In the 
meantime, the newly generated oxidizing radicals, either ∙OH or ONOO  
together with 

3CO were not enough to compensate the reduced amount of 
original ∙OH.  Consequently, when nitrate concentration was increased to 6 ppm, 
the concentrations of accumulated reactive radicals were high enough to promote 
the decomposition. However, as a fact that more and more nitrate addition 
reduced the ∙OH generation and replaced with less-reactive radicals ( ONOO ,

3CO ), the overall degradation rates of 2-MIB and geosmin were finally 
decreased. Moreover, the by-product of nitrate, nitrite, could be accumulated 
along times which was also reported to be a very efficient ∙OH scavenger as 
shown in Eq. 4.3.4 ( 1110100.1  sMk ) (Gonzalez and Braun 1995, 1996, 
Mack and Bolton 1999). This could be another reason for the decelerated rates at 
high nitrate concentration.  
   OHNOOHNO 22  
Eq. 4.3.4 
 






Figure 4.3.5 (a) 2-MIB and (b) Geosmin decomposition using the combined 
ozone/UV device with 2 mM bicarbonate and different nitrate addition 
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Figure 4.3.6  Pseudo first-order rate constants for 2-MIB and geosmin in 
combined ozone/UV degradation with both bicarbonate (2 mM) and nitrate 
addition 
 Effects on nitrite and bromate formation 
4.3.2.1 Effects on nitrite formation 
According to USEPA (USEPA 2012b), the level of nitrate in surface water is 
typically low (less than 1 mg L-1); in the effluent of wastewater treatment plants, 
it can range up to 30 mg L-1. Weyer et al. (2006) also found that in agricultural 
areas, applications of nitrogen fertilizer could result in surface water nitrate levels 
approaching or exceeding 10 mg L-1. Nitrate and nitrite are restricted to a 
maximum concentration of 10 mg L-1 and 1 mg L-1 for regulated public water 
systems by USEPA. In Germany, the maximum permitted concentration of nitrite 
in drinking water is set to 0.5 mg L-1 and the concentration at the outlet of 
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nitrates and nitrites at levels above health-based risk values has been reported to 
have adverse health effects on infants and children. The health effect of most 
concern for children is the “blue baby syndrome” (USEPA 2007). Meanwhile, 
previous studies have shown that nitrite could probably exceed the limitation in 
UV/VUV involved processes. With an initial nitrate concentration of 10 ppm, 
Kutschera et al. (2009) showed that a fluence of 4000 J/m2 UV/VUV irradiation 
caused the formation of 0.15 ppm nitrite. Lu et al. (2009) also reported that the 
yield of 

2NO could be above 0.1 ppm using a low-pressure Hg lamp. Therefore, 
it’s necessary to monitor the nitrite formation in waters which is treated by 
UV/VUV related processes.  
As shown in Figure 4.3.7 and Figure 4.3.8, all the nitrite formations trended to 
firstly increase, then decrease and finally stabilize at certain levels. As one of the 
nitrite elimination approaches, the UV generated ozone would need some time to 
be injected into water, transferred to liquid phase and decomposed to hydroxyl 
radicals. In the beginning period of time, the volumes of nitrite generated from 
nitrate photolysis would be more than that reduced by ozone and ∙OH. Therefore, 
the concentration kept increasing at this stage. With ozone accumulation, 
reduction rate speeded up later. The concentration of nitrite began to decrease. At 
final stage, a balance was reached between nitrite generation and reduction at 
stable nitrite concentrations. In Figure 4.3.7, the nitrite formation was much 
lower in this VUV involved combined ozone/UV device compared to the 
UV/VUV irradiation process using the same device. It was even below the 
strictest regulation of nitrite concentration (0.1 ppm). This proves the significance 
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of adding ozonation in terms of nitrite control, even with the small amount of 
ozone produced. These results are also a support of the previous observation that 
nitrite could be oxidized back to nitrate by ozone and hydroxyl radicals (Gonzalez 
and Braun 1995, Kutschera et al. 2009). Gonzalez and Braun (1995) reported that 
less than 50% of nitrite was depleted to nitrate with 15.5 ppm initial nitrate under 
VUV photolysis of aqueous solutions. In a research done by Kutschera et al. 
(2009), the addition of low doses of ozone (minimum gaseous ozone: 20 μg min-1) 
prevented the nitrite formation in ultrapure water under combined ozone/UV 
process. To clarify the contribution of the individual role to nitrite minimization, 
scavenging experiments were conducted along with monitoring of nitrite 
formation. The nitrite concentration was almost 40 times higher compared to 
combined process and even around ten times higher than the one by UV only 
process, which indicates the significant influencing effect of hydroxyl radicals in 
reducing nitrite. The lower nitrite formation in UV process in turn might suggest 
the generation of hydroxyl radicals by photolysis of water in VUV (Zoschke et al. 
2014). 
Unexpectedly, bromide ion shows a unique influence on nitrite formation. Typical 
concentrations of bromide in natural waters are founded highly viable in the range 
of 10-1000 ppb (average in US: 100 ppb) (Amy 1994, Butler et al. 2005, von 
Gunten 2003b). When 100 ppb bromide was added together with nitrate, nitrite 
concentration was remarkably higher than the ones without bromide addition. The 
highest concentration changed from 0.04 ppm to 0.27 ppm (Figure 4.3.8). This is 
probably because of the competition between nitrite and bromide for hydroxyl 
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 sMk OHBr  (von Gunten 2003b)), it could imply that bromide 
could complete for ∙OH and thus reduce the available ∙OH for nitrite elimination. 
More interestingly, when bromide concentrations were increased to be 
comparable with nitrate/nitrite, such as 500 ppb and 1000 ppb, the nitrite 
formation was even lower than that at 100 ppb bromide.  The concentrations at 
10th minute were reduced by around 44% from 100 ppb to 500 ppb bromide 
addition. It could probably be explained by the formation of one of the 
intermediates from bromide to bromate ( HOBr/OBr ) in the combined ozone/UV 
process.  HOBr/OBr was found to oxidize 

2NO  back to nitrate in continental 
clouds and fogs waters by Lanhoutifard et al. with a rate constant of 
114104.1  sM  (Eq. 4.3.5 and Eq. 4.3.6) (Lahoutifard et al. 2002). The results 
from this study might be the first to confirm this interaction between HOBr/OBr  
and 

2NO in the combined ozone/UV process during drinking water treatment.  
   BrNOBrONO 32  
Eq. 4.3.5 
   HBrNOHOBrNO 32  
Eq. 4.3.6 
4.3.2.2 Effects on bromate formation 
Bromate is mainly formed during the ozonation of bromide containing water, 
while UV was also reported as an approach to eliminate bromate by Eq. 4.3.7 to 
Eq. 4.3.9 (Ratpukdi et al. 2011).  
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 223 22 OBrOhvBrO    Eq. 4.3.7 
 22 22 OBrOhvBrO    Eq. 4.3.8 
 222 OBrhvBrO    Eq. 4.3.9 
Bromate formation by different processes is shown in Figure 4.3.9. Surprisingly, 
no bromate was detected in the ozone only process. Since there was neither UV 
nor VUV irradiation in the ozone only process, the only suggestion is that the low 
ozone concentration generated by VUV is not high enough for bromate formation, 
as what was reported by Zoschke et al. (Zoschke et al. 2012). However, in 
contrast to their observation that no bromate was measured in VUV process, the 
bromate concentrations in UV only process was the highest (up to 10 ppb as 
shown in Figure 4.3.9) among all the four different processes examined in the 
first 20 minutes. This suggests that ∙OH might be the primary oxidant responsible 
for the bromate formation in this VUV involved ozone/UV process. Scavenging 
experiments which showed no bromate formation confirmed this assumption. The 
concentration of bromate in the combined ozone/UV process was slightly lower 
than that in UV only process. It is probably due to the reduction of UV flux 
caused by feed gas oxygen and ozone introduced in the combined process, then as 
a result, the decrease of ∙OH concentration. However, it was higher than the one 
in UV only process after 20 minutes because the more ∙OH was continuously 
generated from the combined process. In general, the bromate concentrations 
were under the regulated 10 ppb in the first 20 minutes in the combined ozone/UV 
process, which indicates that this device could be potentially applicable in the 
water matrix with high level of bromide ions. Comparing the high efficiency of 
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removal for both of the two compounds (98% removal within two minutes) and 
low generation of bromate in the same period, the device is quite promising. 
 
Figure 4.3.7 Formation of nitrite in ultrapure water (spiked with 2-MIB, 
geosmin and 10 ppm nitrate) by UV only, combined ozone/UV and scavenged 
combined processes 
 
Figure 4.3.8 Formation of nitrite in ultrapure water (spiked with 2-MIB, 
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Figure 4.3.9 Formation of bromate in ultrapure water (spiked with 2-MIB, 
geosmin and 100 ppb bromide) by different treatment processes 
 
UV light at the wavelength below 200 nm was found to be more effective than 
that of 254 nm in terms of bromate control (Phillip et al. 2006, Ratpukdi et al. 
2011, Siddiqui et al. 1996). Ratpukdi et al. investigated the formation of bromate 
in both UV/O3 and VUV/O3 processes and concluded that bromate was reduced 
by photolysis with a maximum wavelength of 195 nm (Ratpukdi et al. 2011). 
Even though no exact UV absorbance of bromate at 185 nm could be found in 
literature, there were trends of UV spectrum of bromate reported with increasing 
absorbance at decreasing wavelength from 190-250 nm (Masschelein and Rice 
2010, Peldszus et al. 2004). It could be postulated that the absorbance at 185 nm 
could also be relatively high. To clarify the contribution of UV irradiation to 
bromate diminution in the combined process, the variation of bromate 




























UV only Ozone only UV/Ozone UV/Ozone with t-butanol
 Results and Discussion 
110 
 
scavenged by overdosed tert-butanol (Figure 4.3.10). Without the influence of 
∙OH which is produced by VUV photolysis, it showed a steady reduction of 
bromate and corresponding bromide appearance under UV irradiation. This result 
could imply that UV irradiation might influence bromate formation from two 
aspects. Firstly, UV irradiation combined with ozone produced the hydroxyl 
radicals, leading to the increase of bromate. On the other side, UV irradiation 
could also help reduce the generated bromate. Since bromate still appeared in the 
UV only process as shown in Figure 4.3.9, it could be inferred that the bromate 
formation effect by hydroxyl radicals overcame the bromate reduction effect by 
UV irradiation in this process. The overall effect of these two aspects controlled 
the bromate concentration to be within 10 ppb in the first 20 minutes in the 
combined ozone/UV process with 100ppb initial bromide as shown in Figure 
4.3.9.  
 
Figure 4.3.10 Reduction of bromate and appearance of bromide by UV 
irradiation in the UV only process with overdosed tert-butanol (10 mM) 



































4.4 Quantitative determination of ctR  and pCBA,185  
 ctR  determination 
To quantitatively access the combined ozone/UV process with respect to the 
oxidation by ozone and ∙OH, the depletion of pCBA using the combined device 
under different conditions is depicted in Figure 4.4.1.  
 
Figure 4.4.1 Degradation of pCBA (C0=1 μM) in DI water in ozone/UV and 
UV only experiments with and without the addition of tert-butanol (5 mM) 
 
Ozone/UV process was the most efficient in mineralizing pCBA among all the 
conditions. UV alone process (without (w/o) ∙OH scavenger) was investigated 
under three different conditions of feed gas: UV only w/o t-butanol without gas, 
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UV only without t-butanol with nitrogen UV only with t-butanol without gas
UV only with t-butaol and nitrogen UV only with t-butanol and air
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general, all of conditions without scavengers were performing better than the 
processes with t-butanol. This infers that hydroxyl radicals were also formed 
directly under UV radiation. According to a study by Zoschke  et al (2014), it’s 
probably due to the consequence of VUV radiation absorption and photochemical 
ionization of water afterwards.  Moreover, pCBA kept decreasing even with 
hydroxyl radical scavenger addition. This is in correspondence with the 
observations from Kutschera et al. (2009) and Han et al. (2004), which indicates 
that photolysis of pCBA should not be neglected when it is used as a probe 
compound for the UV related quantification.  
To calculate the ctR value for this combined device, the overall direct photolysis 
coefficient a  must be known. Since the device is a semi-batch system, in which 
oxygen gas must be continuously introduced. The influence of gas bubbling 
should also be considered in the study of direct photolysis process. 
In all the processes under UV irradiation, the decomposition rates followed the 
following different orders between the ones with and without scavenger addition: 
 22 NO no gas air (without t-butanol); no gas 2N  2Oair   (with t-
butanol).  This indicates that not only the bubbling of gas but also the type of feed 
gas influenced pCBA degradation.  
The system was turned into the combined ozone/UV process as oxygen flew in, 
which could explain the highest degradation efficiency of pCBA. Since nitrogen 
bubbling can provide better mixing and mass transfer in the aqueous solution 
compared with no gas condition, the higher mineralization rate proved that 
hydroxyl radicals still played an important role in the degradation. Interestingly, 
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the lowest reduction was with air bubbling. It may be due to that the low oxygen 
content in air is not enough for a significant synergistic effect which could not 
promote the reduction. In contrast, the produced ozone could compete with pCBA 
for the UV radiation from the low power mercury lamp, thus inhibiting the 
photolysis efficiency of pCBA. According to Molina and Molina (1986), the 
molar extinction coefficients of ozone at 185 nm and 254 nm were 171.1 M-1cm-1 
and 3034.0 M-1cm-1 , respectively, which is comparable with pCBA as shown in 
Table 4.4.2. It  can also be confirmed by Briner (1959) that ozone can form a 
“protective” screen by blocking the radiation below 300 nm. 
The results were however different with ∙OH scavenger addition.  With tert-
butanol scavenging all the ∙OH, it reached highest pCBA degradation rate at no 
gas condition. It is probably because that light refraction caused by gas bubbles 
could become the major influencing factor, which reduces the photolysis 
efficiency in gas bubbling conditions. The trend among nitrogen, air and oxygen 
gas bubbling can also be explained by the UV radiation absorbance competition 
between ozone and pCBA.  
With the aforementioned discussion, it can be concluded that for oxygen as feed 
gas rather than producing ozone, oxygen gas bubbling could also improve 
hydroxyl radical mass transfer in this combined ozone/UV device. Furthermore, 
UV irradiation could help decompose the generated ozone, leading to more ∙OH 
production, thus increasing the degradation efficiency in the combined process.  
To simulate the real direct photolysis in pCBA degradation, the bubbling effect 
should also be considered. As nitrogen is an inert gas, UV only with t-butanol and 
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nitrogen gas most likely represents the direct photolysis happening in the 
ozone/UV process. Following Eq. 3.4.8, the overall direct photolysis coefficient 
was obtained as 1min167.0  .  
With the a value, the relationship of ozone exposure (  dtO ][ 3 ) versus total 
logarithmic decrease of pCBA minus direct photolysis 
{ atpCBApCBA )]/[]ln([ 0 } is shown in Figure 4.4.2. It can be figured out that 
even there was one more deduction of at  compared with ozonation process 
studies, fairly good linear correlation of these two parameters were established, 
which shows two clear phases (initial and secondary) as that from von Gunten’s 
study (2003a).  ctR  value can be obtained by dividing the slopes in Figure 4.4.2 
by OH/pCBAk . The calculation of ozone exposure is based on the average ozone 
concentrations within first ten minutes obtained in Section 2, and the results are 
shown in Table 4.4.1. 
Table 4.4.1 ctR values of the combined ozone/UV process. 








Figure 4.4.2 Relationship between pCBA reduction from oxidation and ozone 
exposure 
A typical ctR value was reported to be in the range of 10
-7-10-9 in conventional 
ozone applications at drinking water treatment plants in various waters with ozone 
dosage ranging from 0.5 to 5 mg L-1 (Gottschalk et al. 2010, Rakness 2011, von 
Gunten 2003a, Westerhoff et al. 2005). Comparing with them, this combined 
ozone/UV device is around two orders of magnitude higher. The ctR for this 
device without ozone generator is also comparable with other advanced oxidation 
processes (i.e. with hydrogen peroxide addition), in which the ctR  value could 
reach 10-6 (Rakness 2011). This explains the high removal efficiency of the taste 
and odor compounds and the synergistic effect found in Section 4.2.1. It may be 
due to two main reasons:  firstly, there was lower ozone dosage in this device 
(around 0.12 mg L-1) compared to conventional ozonation in drinking water 
treatment in which the lowest ozone dosage was around 0.5 mg L-1 (Gottschalk et 
al. 2010); secondly, there were extra hydroxyl radicals because of UV/VUV 
irradiation. It was reported that the second minute was the time for ozonation 
y = -2342.3x
R² = 0.9563
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transiting from fast kinetic (high ctR )  to slow kinetic (low ctR ) (Santiago-Morales 
et al. 2012). For this ozone/UV process, it occurred earlier at the first minute 
instead.  One possible explanation for this is that with UV irradiation accelerated 
hydroxyl radical generation and fixed ozone amount, ozone was decomposed in a 
faster way. 
 pCBA,185  determination 
As concluded in section 4.4.1, the direct photolysis of pCBA could not be ignored 
when used as probe compounds for ozone/UV process. To generalize the kinetics 
of direct photolysis of pCBA, it is necessary to know its molar absorptivity and 
quantum yield at 185 nm and 254 nm as mentioned in Eq. 3.4.7, respectively. 
However, there is no data of quantum yield reported for pCBA at 185nm 
( 185,pCBA ) in previous literatures. Bagheri and Mohseni mentioned the usage of 
185,pCBA in their modeling of VUV photolysis reactor by approximating it to 
254,pCBA  (Bagheri and Mohseni 2014). However, theoretically the quantum yield 
of photolysis tends to increase at shorter wavelengths where the photon energy is 
larger (Linden et al. 2005).  It can be inferred that 185,pCBA should be higher than
254,pCBA . 
The overall direct photolysis coefficient ( 1min167.0 a ) was obtained from Eq. 
3.4.8. Among all the parameters in this equation, Vl, were related to geometrical 
parameters of the system; 254254185 ,,   were reported by previous studies 
(Bagheri and Mohseni 2014, Javier Benitez et al. 2004); 
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254,185,254,185, ,,, pCBApCBAaveave ff could be estimated with the experimental data and 
device configuration (Table 4.4.2). Only 185  remained unknown. With a simple 
mathematical approach with the data from pCBA degradation experiments, the 
quantum yield of pCBA at 185 nm, 185 , was calculated as 0.030 mol ein
-1.  This 
value is more than twice of 254,pCBA , indicating a significant difference to the 
previous approximation by Bagheri and Mohseni (2014). The newly estimated 
value is also more reasonable following the theory by Linden et al. (2005) that 
quantum yield ends to be larger at shorter wavelengths. 
Since pCBAf represents the fraction of radiation absorbed by pCBA, the absorbance 
of water, tert-butonal and nitrogen were also taken into account. Average light 
intensity was used for the radiation flux estimation. The detailed information is 
summarized in Table 4.4.2.  
With the newly estimated ,185  a more thorough understanding of the 
fundamentals for pCBA degradation under VUV process could be achieved. As 
proved above, photolysis effect of pCBA should be deducted first rather than 
ignoring when used as probe compound for Rct value calculation. The photolysis 
influence of pCBA could be subtracted more precisely, which would bring about 
a more accurate Rct value in UV-based advanced oxidation processes and better 
understanding of the processes, especially in processes using low pressure 
mercury lamps.  
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Table 4.4.2 Photolysis parameters for the compounds existing in UV 
photolysis system 





coefficient 185  
(M-1cm-1) 
21380 0.032 ~4503 0 
Molar extinction 
coefficient 254  
(M-1cm-1) 
2450 0 238.74 0 
Quantum yield 185  
(mol ein-1) 
N.A. 0.38  0 
Quantum yield 254  
(mol ein-1) 
0.013 0  0 
Average radiant 









absorbance 185f  
0.98 0 0.02 0 
Fraction of 
radiation  
absorbance 254f  
0.91 0 0.09 0 
1. Bagheri and Mohseni (2014); 2.Zoschke et al. (2014); 3. Schuchmann et al. (1975); 4. 
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Chapter 5. Conclusion and Recommendations 
2-methylisoborneol (2-MIB) and geosmin are the two compounds which are 
reported to be responsible for most of the taste and odor events in drinking water 
reservoirs. In this study a new approach was developed to eliminate these two 
compounds. A device with combined ozonation and UV irradiation using a 
conventional low pressure mercury lamp which emits at both 254 nm and 185 nm 
was set up and  sets of tests was carried out to examine its feasibility. Firstly, the 
efficiency of ozone output by the combined system, and the influencing 
parameters such as feed gas types and gas flow rates were evaluated. Secondly, 
the degradation efficiency of 2-MIB and geosmin by this semi-batch system were 
studied and quick removal was achieved with the adjusted optimal operational 
conditions. Finally, ctR value of this device was evaluated by probe compounds 
(pCBA) reduction experiments. It showed the comparable competence of the 
device with other advanced oxidation processes. During the study of direct 
photolysis of pCBA, its quantum yield at 185 nm was also estimated. 
The appearance of some of the ions could play a significant role in the treatment 
process of the target compounds. Therefore, the decomposition of 2-MIB and 





3HCO  and 
Br . The results showed that nitrate and bicarbonate alone 
promoted and inhibited the degradation, respectively, and combined effects of 
inner filter, reactive radical generation and hydroxyl radical scavenging would be 
manifested if both of them were added. At the meantime, the presence of 

3NO
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and Br would also bring in the problem of by-product formation in the advanced 
oxidation process. It could become even more complicated with VUV 
involvement. However, by using this device, both of nitrite and bromate could be 
controlled under the regulated level at the same time when 2-MIB and geomsin 
was removed efficiently.   
5.1 Conclusions 
In the first phase of study, the ozone generation at different conditions was 
examined. Types and flow rates of feed gas were found to influence the ozone 
production. The generated ozone concentration was higher by oxygen than by air 
in both gas and liquid phases. In gas phase, the hourly ozone production raised up 
with increasing feed gas flow rates from 0.2 L min-1 to 1.0 L min-1. It reached the 
highest value (around 80 mg L-1 by oxygen) at a feed gas flow rate of 1.0 L min-1. 
Above 1.0 L min-1, a saturation state was reached, for both air and oxygen feed 
gases.  In liquid phase, it was found that the maximum liquid ozone concentration 
that could be produced by the device was about 0.12 mg L-1 from oxygen feed gas, 
around ten times higher than that from air. Bubbling time of feed gas did not have 
much influence on the liquid ozone concentration in the first five minutes.  
Another interesting finding was that the maximum liquid ozone concentrations 
produced during same bubbling time all appeared at an oxygen flow rate of 0.4 L 
min-1, as a result of balance among ozone generation, gas bubbling effect and 
ozone decomposition under UV irradiation. The mass transfer efficiency of 
oxygen generated gas phase ozone to liquid ones in this device was also 
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calculated and it ranged from around 10% to 40%. Higher saturated concentration 
was reached at lower temperature.   
To test the performance of the combined ozone and UV system, the degradation 
efficiency for taste and odour compounds, 2-MIB and geosmin, were studied in 
the second phase. Both 2-MIB and geosmin were degraded quickly during the 
degradation studies with initial concentrations at ng L-1 level. When initial 
concentrations were increased to μg L-1 level, the time needed for a 98% removal 
was increased from 30 seconds to 1 minute. Results showed that the combined 
process could degrade 2-MIB and geosmin with reduction rate constants of 2.7 
min-1 and 3.0 min-1 for 2-MIB and geosmin, respectively. There was no obvious 
difference of reduction efficiency of 2-MIB and geosmin with different oxygen 
flow rates (0.2, 0.4, 0.8 L min-1), implying that hydroxyl radical played a 
predominant role in the processes, and ozone attributed relatively less to the 
degradation efficiency due to the low concentration and limited mass transfer 
efficiency. The degradation efficiency at pH 8 was higher than that at pH 4 and 
pH 6 for both 2-MIB and geosmin. There was no obvious difference between pH 
4 and pH 6. At all these three pH conditions, both of the two target compounds 
could be eliminated by more than 95% within one minute. The optimal conditions 
for the device were found to be using oxygen feed gas at 0.4 L min-1 without pH 
adjustment at pH 6. During the degradation of the two target compounds, the 
combined process efficiency (2-MIB: 73.4%, geosmin: 82.5%) was much more 
than that of individual UV (2-MIB: 55. 5%, geosmin: 65.9%) or ozone (2-MIB: 
0.7%, geosmin: 4.3%). It was even more than the sum of the two (2-MIB: 56.2%, 
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geosmin: 70.3%) which indicating that an additional synergistic effect was 
achieved in the combined process. The portion of the synergistic effect in the 
combined ozone/UV process was calculated to be 17.2% for 2-MIB and 12.2% 
for geosmin.  This additional portion of reduction might be because of the extra 
hydroxyl radicals generated by the UV photolysis of ozone decomposition in the 
combination of O3/UV. The ctR  value of this device was in the range of 10
-5-10-6, 
which is around two orders of magnitude higher than conventional ozone 
applications. This value was also comparable with other advanced oxidation 
processes, providing a more economical choice for the contaminants elimination.  
Photolysis experiments of pCBA confirmed that the direct photolysis of pCBA 
could not be ignored when used as a probe compound for UV related AOPs 
analysis. Along with the direct photolysis study of pCBA, the quantum yield of 
pCBA at 185 nm was also firstly estimated to be 0.030 mol ein-1, which could 
provide more information for pCBA degradation and Rct value calculation in 
VUV (185nm) involved processes. With the high degradation efficiency achieved 
for the tested taste and odor compounds, 2-MIB and geosmin, the ozone/UV 
combined device is proved to be quite promising for the treatment of T&O in 
drinking water.  
In the third phase, the effects of inorganic ions, namely bicarbonate, nitrate and 
bromide on the decomposition of 2-MIB and geosmin in this VUV involved 
ozone/UV combined process were studied. The results show that bicarbonate 
alone and nitrate alone decelerated and accelerated the degradation, respectively. 
The inhibition effect of bicarbonate could be mainly attributed to the scavenging 
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of ∙OH by bicarbonate. As a result, another more selective reactive radical, ,CO3

 
was produced, whose contribution (21.5%) to the compounds decomposition was 
stronger than that of ozonation (12.0%). Nitrate promoted the oxidation by 
producing more reactive radicals ( ONOO , ∙OH), in which peroxynitrite was the 
second efficient oxidizing radical (4.7%) and was more efficient than ozonation 
(1.0%). When 2 mM bicarbonate was constantly added firstly, the reaction 
constants for both 2-MIB and geosmin dropped shapely when 2 ppm nitrate was 
added. It then bounded back slightly with 6 ppm nitrate addition, and kept 
decreasing with more nitrate addition afterwards. It is probably due to the result of 
combined effects of inner filter, reactive radical generation and hydroxyl radical 
scavenging.  
In this study, both nitrite and bromate generation were reduced whereas more 
complex mechanism was disclosed. Nitrite formation was much lower in the 
combined ozone/UV compared to the UV/VUV irradiation process. It was even 
below the strictest regulation of nitrite concentration (0.1 ppm). This proves the 
significance of combined ozonation in terms of nitrite control, even with the small 
amount of ozone produced. The nitrite produced in the hydroxyl radical 
scavenged experiments were almost 40 times more than that in the combined 
process, indicating the significant contribution of hydroxyl radical to nitrite 
minimization. Unexpectedly, bromide ion showed a unique influence on nitrite 
formation. When 100 ppb bromide was added into the system, nitrite 
concentration was increase to around seven times higher. More interestingly, 
when bromide concentrations were increased to be comparable with nitrate/nitrite, 
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such as 500 ppb and 1000 ppb, the nitrite formation was lowered by about 44%. It 
could probably be explained by the formation of one of the intermediates from 
bromide to bromate ( HOBr/OBr ) in ozone/UV process, which could oxidize 
nitrite back to nitrate. These reactions have been reported in clouds and fogs 
waters. The results from this study might be the first to confirm this interaction 
between HOBr/OBr  and 

2NO in the combined ozone/UV process during 
drinking water treatment.  Surprisingly, no bromate was detected in the ozone 
only process. Moreover, the bromate concentration in UV only process was the 
highest among all the four different processes examined (UV only, ozone only, 
ozone/UV, and ozone/UV with tert-butanol) in the first 20 minutes. This reveals 
that rather than ozone, hydroxyl radicals were the primary influencing factor for 
bromate formation in the VUV involved combined ozone/UV process. Meanwhile, 
a steady reduction of bromate was found under UV photolysis experiments. 
Therefore, UV irradiation might influence bromate formation from two aspects. 
Firstly, UV irradiation combined with ozone produced the hydroxyl radicals, 
leading to the increase of bromate. On the other side, UV irradiation could help 
reduce the generated bromate. The bromate formation effect by hydroxyl radicals 
overcame the bromate reduction effect by UV irradiation as bromate still 
appeared in the combined process.  The overall effect of these two aspects 
controlled the bromate concentration to be within 10 ppb in the first 20 minutes in 
the combined ozone/UV process with 100ppb initial bromide. In general, both 
nitrite and bromate were investigated for the first time in a VUV involved 
combined ozone/UV system. The bromate concentrations were controlled within 
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regulation in the first 20 minutes, and nitrite was controlled all the time examined. 
It makes this device have potential application in the water with high level of 
nitrate and bromide ions. Comparing the high efficiency of removal for both of 
the two compounds (98% removal within two minutes) and low generation of by-
product in the same period, the device is quite feasible. 
 
5.2 Recommendations 
In this thesis, the focus was placed on the application of VUV involved combined 
ozone/UV device for the decomposition of taste and odor compounds, 2-MIB and 
geosmin. The affecting factors for both ozone production and taste and odor 
compounds degradation and the effects of water matrix on the application of the 
device were also investigated and discussed. Based on the results obtained from 
this research work, the following are recommended for further studies: 
1) The results from the ozone production section suggest that one of the 
limitations of this device is the relatively low ozone mass transfer to the 
liquid phase. More efficient reactor design and operational strategies of 
this combined device would be needed for the improvement, like adding 
lining material to the interior of the reaction tank wall to increase 
irradiation utilization ratio, a more efficient diffuser/mixer arrangement, 
etc.  
2) Owing to the time constrain, only one kind of micropollutants, taste and 
odor compounds, was tested in this device for the degradation efficiency. 
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Since the characteristics would be distinctly different between different 
micropollutants, other types such as pharmaceuticals and personal care 
products (PPCPs) and endocrine disrupting chemicals (EDCs), which are 
commonly detected in the water environments, should also be examined.  
3) Establishment of a model for performance prediction and process 
optimization is needed in the application of this device. Therefore, another 
possible avenue of future work could be to develop a model based on the 
quantitative results obtained from this study.  
4) Besides of the three inorganic ions ( 

Br,NO,HCO 33 ) discussed in this 
study, there could be other inorganic ions such as anion Cl-, SO42-, or 
cation
 222 Fe,Mg,Ca , etc. and other compounds such as NOM existing 
in the water matrix. They could also affect the performance of the device 
in terms of decomposition efficiency of target compounds or by-
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